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Abstract 
The taxonomic scheme of the genus Sargassum C. Agardh (Sargassaceae, Fucales) 
remains controversial at the species level. This is attributed to the highly 
polymorphic nature of Sargassum species, which is expressed at different levels of 
morphological variations. This problem can be addressed by determining the 
boundary between species through an understanding of the whole range of variations 
among their populations. As the variation in morphology is influenced by both the 
heritable and environmental factors, it is best to integrate the genetic analysis along 
with a quantitative morphological study to assess the population variation. Being a 
widely distributed marine algal species along the coast of northwest Pacific Ocean, 
Sargassum hemiphyllum was chosen for the genetic and morphological studies of 
population variations. The validity of the current taxonomic classification of this 
species into two varieties was also evaluated in the light of these morphological and 
genetic evidences. Twenty to thirty specimens were collected from each of the six 
populations from Japan, Korea and China, over its biogeographical range. Three 
types of morphological parameter: measurable, numerical and categorical, were 
investigated for the main branch, leaf and vesicle associated with different branching 
levels of the specimens. Morphological data were analyzed by various statistical tests: 
one-way AN OVA, Kruskal-Wallis test, and Chi square test to differentiate variable 
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from conservable parameters. Principal component analysis (PCA), cluster analysis 
and contingency table analysis were used to evaluate the distribution pattern among 
individuals from different populations. For genetic analysis, restriction fragment 
length polymorphism (RFLP) of the PGR product of RuhiscoLS spacer in the 
chloroplast genome was assessed. Frequencies of haplotypes for each population 
were calculated. 
The results showed a statistically significant variation in 18 out of 26 measurable 
morphological parameters, such as length of leaf and vesicle: 4 out of 5 numerical 
morphological parameters, such as number of branches; and 8 out of 44 categorical 
morphological parameters, such as the type of leaf tip. For those variable measurable 
morphological parameters, a gradual change among populations corresponding to the 
change in their latitudinal distribution was observed. A different result was obtained 
in genetic analysis. Two distinct clades, China clade and Japan-Korea clade, each of 
which was highly homogenous, were observed with a sequence divergence of 1.89% 
in the RbcLS spacer. These two clades correspond to the two varieties in this species 
currently recognized. These two varieties were suggested to be two phylogenelic 
species based on the fixation of their genetic difference. Differences in the effects of 
environmental factors acting on the genetic content and morphology of S. 
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hemiphyllwn were suggested to be the cause of the discrepancy of the morphological 
and genetic data. The variation in morphology may be shaped by the latitudinal 
seawater temperature change while the reproductive barrier built up by the mass 
freshwater outflow from the Yellow River and Yangtze River could have blocked the 
gene flow of the two clades and caused their genetic difference. This result 
elucidated the possible evolution and dispersal history of S. hemiphyllwn in the 
region of the northwestern Pacific Ocean. To test this hypothesis, specimens of 
several critical locations should be investigated. Other genetic markers have to be 
applied to verify the result of this study. Molecular clock of S. heiniphyllum or that of 
other related species has to be calibrated, and ecological studies on the influence of 














分析(one-way ANOVA)�Kruskal-Wams 測試和卡方測定(Chi square test)棧辨別及 
確定變異及相對隱定的參變數；以主成分分析(PCA)�聚集分析(Cluster analysis) 
和列聯表分析(Contingency table analysis)來分析從不同種群得來的不同個體數 
據間分佈的情況。至於遺傳基因分析方面’也以葉綠體染色體組內的雙磷酸核 
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Introduction and Background 
1.1 Ecology and distribution of the genus Sargassum 
Sargassum C. Agardh (Sargassaceae, Fucales) is a dominant macro-algal genus 
found throughout the world (Yoshida, 1983; Phillips, 1995). More than 400 species 
have been described under this genus (Yoshida, 1983) with new species being 
documented continuously (Yoshida, 1994; Murakami et al, 1999; Yoshida et cd., 
2000). They appear in various major marine geographical regions from the 
Indo-Pacific to the Atlantic Oceans, covering temperate, sub-tropical and tropical 
regions (except Arctic and Antarctic) (Nizaimiddin, 1961). They inhabit both the 
inter-tidal and the sub-tidal zones to a depth of 200 m (Magruder, 1988). Most of the 
Sargassum species are benthic, except for two free-floating species found in Sargasso 
Sea (Phillips, 1995). 
Sargassum plays an important role in the ecology of coastal environment. Extensive 
assemblages of Sargassum, in so-called Sargassum bed, serve as habitats for many 
epiphytic species (Edgar, 1991). These assemblages provide food source and 
protection to various marine living organisms such as mollusks (Chemello & 
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Milazzo, 2002), shrimps (Hacker & Madin, 1991) and amphipods (Holmlund et. al.’ 
1990). The abundance of periodically drifting Sargassum, such as Sargassum 
Sinclair a, was also shown to attract pre-settlement fishes (Kingsford, 1992). This in 
turn affects the demography of the fishes. 
1.2 Classical taxonomy of the genus Sargassum and 
associated problems 
The taxonomic scheme of the algal genus Sargassum was set up by J. Agardh (1889). 
He classified Sargassum into five subgenera: Phyllotrichia, Schizophyciis, 
Bactrophycus, Arthrophycus and Eusargassum (i.e. subgenus Sargassum) based on 
the relationship between stem and branches (Phillips, 1995). To date, this 
classification scheme is still being followed but with some modifications. The 
subgenus Schizophycus was collapsed and grouped with the subgenus Phyllotrichia 
(Womersley, 1954; Yoshida, 1983), but the other three subgenera remain unchanged. 
Tribes were initially used to describe a lower level of taxon within the subgenus 
(Agardh, 1889), but these were now revised and converted to Section based on the 
latest International Botanical Code of Nomenclature (Yoshida, 1983; Tseng, 1985; 
Tseng et al, 1985; Abbott et al., 1988). Under each Section, the different species 
were grouped further under Subsection and Series (Abbott el al, 1988; Yoshida, 
2 
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1983; Tseng & Lu, 1992a, b). Despite all the modifications introduced over the years 
(Grunow, 1915，1916; Setchell, 1933, 1935, 1936; Yoshida, 1983; Tseng, 1985; 
Tseng et al, 1985; Tseng et al, 1997a; Tseng & Lu, 1997b), the major framework of 
the classification system remains essentially the same as the one first envisioned by J. 
Agardh (Phillips, 1995). The classification at the species level, however, remains 
controversial (Phillips, 1995). This is attributed to the highly polymorphic nature of 
Sargassum species as well as the description of species in those early works on the 
taxonomy of Sargassum being based on dry fragmented specimens (Ang & Trono, 
1987; Kilar et al, 1992a; Philips, 1995). The morphology of different parts, e.g. leaf, 
vesicle and receptacle, of Sargassum individuals varies in a large extent within a 
population (Kilar & Hanisak, 1989; Hanisak & Kilar, 1990; Chiang et al., 1992; 
Kilar et al., 1992a; Phang et al. 1995). Different scales and levels of variations: 
temporal, intra-individual, inter-individual, environmental and inter-locality 
variations have also been documented (Kilar et al., 1992a). This huge range of 
variation in morphology creates a lot of confusion on the species boundaries of many 
Sargassum species and thus, contributes to the difficulties in taxonomic identification 
of these species (Kilar et al., 1992a). 
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1.3 Recent approaches on taxonomic studies of 
Sargassum 
To deal with the taxonomic problem associated with the highly polymorphic nature 
of Sargassum, early workers, e.g. Yendo and Okamura, tried to include the 
morphology of young and adult plants, and fertile branches in their descriptions of 
species (Ang & Trono, 1987). Taylor (1960) suggested choosing the typical plants at 
the climax of fruiting stage associated with variant plants in the classification (Taylor, 
1960 ill Ang & Trono, 1987). More recently, Kilar et al (1992a) suggested several 
systematic approaches to deal with the problem. These include seasonal studies to 
investigate the temporal variation, examination of the reaction norm of a species to 
environment variations using transplantation, culture study to confirm the existence 
of hybrid, inter-local comparative study, use of numerical method i.e. multivariate 
analysis on morphology to distinguish closely related taxa, and molecular studies to 
evaluate genetic variation among populations and species (Kilar et cd., 1992a). Some 
of these approaches have been applied in recent years. 
1.3.1 Morphological studies 
Kilar (1992) investigated the temporal and spatial morphological variations of all the 
lectotypes of Sargassum filipendula. He searched for some morphological characters 
4 
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that are stable (the least variable) in terms of time and space and used them as the 
critical traits in the taxonomy of that Sargassum species (Kilar, 1992). Based on 
these analyses, a species, Sargassum mathiesonii, was distinguished from 
fiUpendula and described as new to science (Kilar, 1992). Gillespie and Critchley 
(2001) assessed the temporal and inter-thallus variations of three species of 
Sargassum in South Africa in order to search for those taxonomically important traits, 
i.e. traits that are stable temporally and within thallus, that could best differentiate 
those three species (Gillespie & Critchley，2001). Other works (Critchley, 1983; Kilar 
& Hanisak，1989: Hanisak & Kilar, 1990; Kilar et al., 1992a,b) were also valuable in 
assessing the morphological variability of Sargassum species and in ascertaining 
their species boundaries. 
1.3.2 Genetic studies 
Morphology, however, is the pheiiotypic expression of a combination of the genetic 
material of the living organism and the environmental stress that is exerted on it. 
Whether the morphological variability observed in Sargassum species is due to 
heritable or environmental factors is a critical issue needed to be addressed to 
ascertain their species boundaries. This question, obviously, could not be addressed � 
by morphological studies alone. Attempts have been made by Stiger et al. (2000) and 
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Phillips and Fredericq (2000) to provide genetic analysis in Sargassum. Stiger el al. 
(2000) investigated the sequences of the internal transcribed spacer 2 (ITS-2) of 
nuclear ribosomal DNA of 19 species belonging to three subgenera of Sargassum: 
subgenus Phyllotrichia, subgenus Bactrophycus and subgenus Sargassum. Those 
three subgenera were found to be genetically distinct and one Section, Phyllocystae, 
in subgenus Bactrophycus was proposed to be transferee! to subgenus Sargassum in 
this study (Stiger et al., 2000). Phillips and Fredericq (2000) worked on the sequence 
divergence of RubiscoL-S spacer region of 28 Sargassum species in the Gulf of 
Mexico in order to evaluate the adequacy of the designation of Section and Series in 
subgenus Sargassum. Different species of Sargassum in the Gulf of Mexico, when 
compared with those in Pacific basin, were found to cluster as a single biogeographic 
unit rather than in a way as their taxonomic classification (Phillips & Fredericq, 
2000). Other than brown algae, the variation of eight microsatellite loci among 
populations throughout the biogeographical range of a green alga Cladophoropsis 
memhranecea revealed that these populations belong to a complex of three cryptic 
species which are morphologically indistinguishable and which have overlapping 
distributions in the Atlantic Ocean (van der Strata et al., 2002). These examples 
indicate that genetic studies could be useful in addressing problems which cannot be 
solved by morphological studies alone. 
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1.3.3 Integration of genetic and morphological studies 
To better resolve the influence of either or both of the heritable and environmental 
factors on the morphological variations among species, it is best to integrate the 
genetic analysis along with a quantitative morphological study on these species. 
Morphometric data of three Hildenbrandia species supported their taxonomy but the 
molecular data in Rubisco and 18S rRNA gene sequence of them resolved a 
paraphyletic relationship in one of these three species, H. rubra (Sherwood & Sheath, 
2000). In another study, both morphological and molecular (rRNA internal 
transcribed spacer (ITS) 1 and 2, Rubisco large subunit gene) data of two red algal 
species Batrachospermum spermatoinvolucrum and B. gelatinosum did not reveal 
two distinct clades (Vis & Sheath， 1998). Based on this finding, B. 
spermatoinvolucriim was suggested to be reduced to a form of B. gelatinosum (Vis & 
Sheath, 1998). For Sargassum, the allozyme variation of subgenus Sargassum in 
Australia was examined (Benzie et al.’ 2000a). This revealed an ill-resolved grouping 
of S. carpophyllum and S. polycystum in the phylogenetic analysis. The similar 
morphological characters, e.g. monoecious receptacles, lanceolate leaves etc., and the 
coexistence of these two species within the same area but inhibiting different 
ecological conditions {S. carpophyllum inhabited the deep reef flat while S. 
polycystum inhabited the shallow wave-exposed area) suggested that they are the 
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ecotypic variants of a single species (Benzie et al, 2000a). Although this study is not 
exactly a genetic study and the morphological characters described for those species 
were not quantified, it is the closest example available that provides an insight on the 
utility of integrating morphological and genetic data with the understanding of 
environmental background to address the taxonomic problem in Sargassum. 
1.4 Phylogeographic distribution and population 
dispersal 
Assessment of the phylogeography and genetic variations among populations from 
different localities could provide additional significance of allowing evaluation of the 
dispersal route and evolutionary history of the species in the marine environment to 
be carried out (van Oppen et al, 1994; Lavery et al., 1996; Dahlgren et al., 2000; 
Lessios et al‘, 2001). Such studies on Sargassum species are very limited. Phillips 
(1995) revealed the literatures of the biogeography and the taxonomy of genus 
Sargassum in the Pacific basin and observed an attenuation of species and subgenera 
diversity from the west to the south of Pacific basin. She suggested that the vortex 
model is the most appropriate model in explaining the biogeography of Sargassum in 
the Pacific Basin. In this model, species are formed in the peripheral populations and 
then brought back to the diversity center by oceanic currents. More works have to be 
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carried out to verify this hypothesis about Sargassum (Phillips, 1995). In another 
work, the Pacific Sargassum species were compared genetically to the Gulf of 
Mexico species based on Rubisco L-S spacer (Phillips & Fredericq, 2000). Some of 
the Gulf of Mexico species share an insertion/deletion event with some of the Pacific 
species, suggesting a shared evolutionary history between the two ocean basins 
(Phillips & Fredericq, 2000). This study, however, did not consider the question of 
population variations and so provided little insight about the evolutionary and 
dispersal history of those Sargassum species studied. 
Phylogeographic works providing insights about the reproductive barrier and the 
dispersal route of other marine organisms are available. For example, in central to 
South Atlantic Ocean, populations of a sea urchin Diadema antillarwn of the central 
Atlantic islands were found to be genetically isolated and phylogenetically derived 
from the population in Brazil (Lessios el aL, 2001). The biogeographic barrier 
between the Caribbean and Brazil was suggested to be the fresh water outflow from 
the Amazon and the Orinoco Rivers. In another example, the populations of the 
coconut crab Birgus latro in West Pacific such as Papua New Guinea and the 
Philippines were found to be genetically similar, but different from the populations in 
East Indian Ocean such as the Christmas Island (Lavery et al., 1996). The onset of 
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the divergence of these two groups of coconut crab was estimated to be at the 
Pleistocene. Land bridges between Australia and Malaysia due to the lowering of the 
sea level likely isolated Indian Ocean from the Pacific Ocean and induced the rapid 
colonization of B. latro among the islands in the Pacific Ocean. 
For northwest Pacific Ocean, similar phylogeographic studies are very limited. The 
area covered by the few studies is also too small to be able to provide a 
high-resolution analysis on phylogeography of the living organisms studied. For 
example, the population of a brachiopod, Lingula cmatine, with specimens from 
Japan and Hong Kong, was found to have genetic difference (Endo et al., 2001). 
However, no further insight could be gained as the specimens were collected from 
very few localities. Phylogeographical information of the northwestern Pacific Ocean 
is thus very poorly documented. A marine algal species, Sargassum hemiphyllum, 
which is widely distributed in this region, could serve as a useful research candidate 
for the genetic analysis of population variations throughout its biogeographic range. 
This information could potentially contribute to an understanding of species 
divergence and evolutionary history of marine organisms in this part of the world. 
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1.5 Description of species 
Sargassum hemiphyllum (Turner) C. Agardh belongs to subgenus Bactrophycus of 
the genus Sargassum. It is characterized by its "hemiphyllous blade" (linear and 
cuneiform leaves with truncated apex) and ramifying holdfast (Ajisaka et al.’ 1997). 
Because of the relatively extensive variation in its leaf and vesicle morphology, 
Sargassum hemiphyllum has been described under different species or had further 
been classified into several varieties and forma. It was first described as Fucus 
hemiphyllum by Turner but C. Agardh transferred it under the genus Sargassum 
(Ajisaka et cd., 1997). Based on the specimens from Japan and Hong Kong, J. Agardh 
described two varieties, variety micromerum and variety chinense respectively (J. 
Agardh, 1889). These two varieties were later raised to species level (J. Agardh, 1896 
in Ajisaka et al.’ 1997) but this move was rejected by Yendo on the basis that S. 
hemiphyllum already contained all the variations of the two raised species (Ajisaka et 
al. 1997). Grunow (1915, 1916) reported variety anisophylla from Hong Kong and 
forma edentata from east Japan, while Setchell (1933) reported variety chine me (J. 
Agardh) again from Hong Kong. Based on Vietnamese materials, Pham reported a 
new forma serratum (Pham, 1967). Yoshida (1983) revised the Japanese S. 
hemiphyllum and confirmed the merging of S. micromerum under S. hemiphyllum 
(Ajisaka et al. 1997). He also stated that the variety and the forma raised by Grunow 
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were not valid because the materials he examined were too fragmentary. More 
recently, Ajisaka et al. (1997) did a comparative study of hemiphyllum from 
different localities. Based on this work, which compared the morphology of S. 
hemiphyllum from China and Vietnam and that of the type specimen from Japan, two 
varieties, variety hemiphyllum and variety chinense, were finally recognized (Ajisaka 
et al., 1997). These varieties can be distinguished from one another by the size of 
their leaves. Sargassum hemiphyllum var. hemiphyllum has smaller leaves (15 mm 
for the basal primary leaves) than Sargassum hemiphyllum var. chinense (42 — 54 
mm for the basal primary leaves) (Ajisaka et al., 1997). However, this conclusion 
appears to be based on only a small number of materials. There is a need to 
systematically describe and record the morphological differences, especially at the 
population level, in order to ascertain the validity of this classification. 
Sargassum hemiphyllum is distributed from low inter-tidal to shallow sub-tidal in 
Hong Kong. It reproduces in late winter to early spring and dies back around April to 
May (Ang, unpublished data). New growth starts thereafter in summer with fastest 
growth attaining maximum size occurring in the fall to winter. Variation in its 
seasonality has been observed elsewhere. In Japan, S. hemiphyllum starts its growth 
in fall and becomes mature in spring to early summer (Yokohama e( al., 1999; Sato 
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& Wada, 2000). Its reproductive period, however, was not specifically reported. 
Based on the data of Sato and Wada (2000), its reproductive period is probably from 
spring to summer. 
This species is also known for its economic potentials. S. hemiphyllum was found to 
have the most promising biosorption applications for Cu and Ni among genera of 
brown algae like Petalonia, Colpomenia and Ulva (Schiewer & Wong, 2000). It 
exhibits considerable biosorption ability for iodine (Lou & Fan, 1998). It was also 
found to be a promising bioresource for alginate that has a higher capacity to excrete 
sodium ion in human than alginates extracted from Laminaria japonica and Ecklonia 
cava (Ukeda et al., 1996). 
S. hemiphyllum is widely distributed along the coast of northwestern Pacific Ocean. 
It was reported from Japan, Korea, Mainland China, Hong Kong, Taiwan, Vietnam 
and the Philippines (Tseng et al, 1985; Lee & Yoo，1992; Trono, 1992; Phillips, 
1995; Ajisaka et al, 1997). Sargassum hemiphyllum var. hemiphyllum was mainly 
reported from Japan and Sargassum hemiphyllum var. chimnse was found mainly 
along the coast of China (including Taiwan and Hong Kong) and Vietnam. The 
record of S. hemiphyllum from the Philippines appears to be a misidentification as 
13 
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those Philippine specimens exhibited a discoid holdfast without the hemiphyllous 
leaves (Ajisaka et al., 1997). The distribution pattern of these two varieties is of 
particular interest because their distribution (Ajisaka et al, 1997) appears to be 
non-overlapped. If there is really a difference in the morphology of these two 
varieties, a question on whether this difference is due to environmental or inheritable 
factors could be raised. Owing to this apparently non-overlapped distribution pattern, 
an understanding of their morphological and genetic difference may also shed light 
on how they evolved and dispersed. This understanding may also help to provide 
some insights on the dispersal history of other marine organisms in the northwestern 
Pacific region. 
1.6 Objectives 
This thesis research project has therefore the following objectives: (1) to assess the 
morphological and genetic variations in different populations of Sargassum 
hemiphyllum, (2) to evaluate the validity of the current taxonomic classification for 
this species in the light of these morphological and genetic evidences, and, (3) based 
on these morphological and genetic data, to elucidate the evolutionary and dispersal 
information of 5". hemiphyllum along the northwestern Pacific Ocean. 
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The present study is the first to address both morphological and genetic information 
of a Sargassum species and the phylogeography of brown algae along the coast of the 
northwest Pacific Ocean. 
1.7 Layout of the thesis 
This thesis is laid out in the following chapters: 
Chapter 1: This chapter gives a brief introduction on the taxonomic problem 
associated with the brown algal genus Sargassum and the significance of assessing 
this problem in the light of addressing the population variation of S. hemiphyllum 
found widely distributed along the coast of the northwest Pacific. 
Chapter 2: This chapter addresses the details of the morphological variations of 
populations of S. hemiphyllum. The conservable and variable morphological 
parameters of its two varieties, variety hemiphyllum and variety chinense were 
identified. The relationships of the morphologically variable parameters among 
different populations were also elucidated. 
Chapter 3: Details of genetic investigation are described in this chapter. The genetic 
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information of different populations was compared. The phylogenetic relationship of 
these populations with respect to other Sargassum species under the same subgenus 
was also addressed. 
Chapter 4: This chapter provides an integrative summary and discussion on the 
results of morphological and genetic analyses in this study. The possible reasons for 
variations in morphological and genetic population structure of S. hemiphyllum in 
Pacific northwest were also discussed. 
16 
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Morphological Examination on 
Sargassum hemiphyllum 
2.1 Introduction 
Sargassum hemiphyllum is a common species found along the shore of the northwest 
Pacific. To date, two varieties under this species are recognized; these are variety 
chinense and variety hemiphyllum. Ajisaka et al. (1997) attempted to compare the 
morphological variations of these varieties but the number of specimens they 
examined was small. The full range of their morphological variations might not have 
been accounted for. 
To better understand the systematics of S. hemiphyllum, variation at the level of 
populations from different localities was addressed in this study with a much larger 
sample size compared to that in the study of Ajisaka et al. (1997). The whole range 
of morphological variation was recorded. Various morphological parameters were 
measured and compared among populations to determine the extent of these 
variations. Conservable and variable morphological parameters were identified. 
Whether there is a partition of morphological data within this species was also 
17 
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investigated using various statistical tests in order to elucidate the relationship among 
populations of S. hemiphyllum. All these would eventually contribute to the 
taxonomy of this species. 
2.2 Methodology 
2.2.1 Sampling locations and treatment of specimens 
The possible range of distribution of Sargassum hemiphyllum was initially identified. 
On records, this species has been reported from Nagasaki (type locality) (J. Agardh, 
1896 in Ajisaka et al. 1997), and Wakayama in Japan (Sato & Wada, 2000); Chejii 
Island in Korea (J. H. Kim, personal communication); along the coasts of Zhejian, 
Fiijian, Guangdong provinces in mainland China (Tseng, 1983; Tseng & Lu, 2000); 
Hong Kong (Grunow, 1915; Setchell, 1933); Penghu, Keelung in Taiwan (Yang, 
1995) and Thang Hoa, Quang Bin in Vietnam (Pham, 1967). The sites for collection 
of fresh materials for this study were decided based on the above records and logistic 
consideration with an aim to cover the full range of the biogeography of S. 
hemiphyllum as much as possible. Six localities were selected (Table 2.1 & Fig. 2.1) 
and at least 30 complete individuals were collected from the population of each 
locality. Algae collected were of about the same growing stage to minimize the effect 
of temporal and seasonal variations. Unlike higher plants whose vegetative part 
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remained relatively unchanged in the reproductive stage, older leaves of Sargassum 
are lost during the onset of reproduction (Ang, 1985; Ang & Trono，1987; Kilar & 
Hanisak, 1989). In order to retain as much morphological information as possible, 
the specimens were collected at the stage before reproductive structures developed. 
All specimens were collected at the lowest tide level or by SCUBA diving. The 
whole thai 1 us including holdfast was removed from the substratum. Those specimens 
from Hong Kong were washed and labeled after collection and stored at -20°C for 
further examination. Those specimens from Penghu and Zhanjiang were collected, 
washed, labeled, air-dried and brought back to Hong Kong within 2 to 4 days. Those 
from Wakayama, Japan, Cheju Island, Korea and Fujian, China were air-dried 
immediately after collection and sent to Hong Kong by express mail. They usually 
arrived at Hong Kong within two weeks and were stored at -20°C until use. They 
were rehydrated before being processed. All specimens showed no apparent 
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2.2.2 Morphological measurement 
Twenty specimens (individuals) of each population were examined for their 
morphological variation. Level of branching was recognized (Fig. 2.2) in each 
specimen and different parts, i.e., branches, leaves and vesicles associated with each 
level of branching were examined. Twenty leaves and vesicles were randomly 
selected and examined at each branching level. Based on previous systematic studies 
of other Sargassum species (Kilar & Hanisak，1989; Kilar, 1992; Kilar et al., 1992a; 
Gillespie & Critchley, 2001) and a preliminary study on Sargassum hemiphyllum 
from Hong Kong (Ang, unpublished data), morphological parameters such as shapes 
of branches, types of leaves and vesicles shape, length, width, length to width ratio of 
the leaves and vesicle were chosen as the morphological parameters to be evaluated 
(Table 2.2). These parameters describing the whole thallus, leaves and vesicles were 
classified into three types: measurable, numerical and categorical parameters for 
statistical consideration (Table 2.2). Measurable parameters were those which could 
be measured by either a meter ruler or a digital vernier caliper accurate to 0.01 mm. 
Examples of these included the length and width of the leaves and vesicles. 
Numerical parameters were those which could be counted, e.g. number of primary 
and secondary branches. Categorical parameters were those which were classified 
based on their morphological characters, e.g. type of leaf margin and leaf shape (Figs. 
22 
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2.3 & 2.4). 
For morphological measurement of each specimen of S. hemiphyllum, a total of 26 
measurable, five numerical and 43 categorical parameters were identified. It was 
expected that some of these parameters would be more stable than the others, i.e. 
these parameters would not change among populations or among individuals within 
the same population. In order to focus on those parameters which could offer 
significant information on morphological difference among populations, a 
preliminary test was carried out. In this test, four individuals from each population 
were haphazardly studied with detailed measurement on all the morphological 
parameters identified. The data set obtained in this preliminary test was revised after 
some errors in measurement or classification were identified. Respective statistical 
analysis was performed on the three types of morphological parameters. Any 
parameters that were shown to be statistically different among the specimens from 
different populations were selected. These parameters represented those which might 
be spatially variable among the populations examined. These parameters were then 
used to measure the remaining 16 specimens from each population. The data 
obtained were analyzed by various statistical tests to identify morphological 
variations among populations. 
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Table 2.2 List of morphological parameters used in this study. The parameters for leaves and 
vesicles were used for those associated with the main axis as well as with other levels of 
branching. The abbreviated symbols used throughout this chapter are given in ( ). The 
number of categories under each categorical parameter is also given in ( ) . Refer to Figs. 
2.3 and 2.4 for the diagram of these categorical parameters. 
Parameters 
Measurable Numerical Categorical 
Total Length (TL) Branching Level (BL) Holdfast type (H) (I) 
Max. Leaf Length (LL) Axis/ Branches Number (AN/ B N ) 她 ' ( A S / B S ) 
Axis/ Branches with 
Max. Leaf Width (LW) Muricatous or not (AM/BM) 
(2) 
Leaf Length to Leaf Width ratio „ , . „ , 
^ (Ll/LW) Branching Pattern (BP) {1) 
Leaf Petiole length (LP) Leaf Shape (LS) (4) 
Leaf Length to Leaf Petiole leneth ratio , . . . . . , , 
(LL/LP) Leaf Margin (LM) (4) 
Max. Vesicle Length (VL) Leaf Tip (LT) (5) 
Max. Vesicle Width (VW) Leaf Base (LB) (3) 
Vesicle Length to Vesicle Width ratio Leaf with/without Midrib 
(VL/VW) (LMid) (2) 
、，.•。.，’， .. , � , � • , � Leaf with/withoul 
Vesicle Stalk Length (VStL) Cryptostomata (LC) (2) 
Vesicle Lenrgatt|^�tj>vV=c�LS)talk Length Vesicle Margin (VM) (7) 
Vesicle Shape (VS) (2) 
Vesicle Stalk (VSt) (3) 
Vesicle Arrangement (VA) (3) 
Vesicle with/without 
Cryptostomata (VC) (2) 
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Fig. 2.2 A schematic diagram showing the designation of branching levels in a 
Sargassum plant. H: holdfast, A: main axis, 1: primary branch, 2: secondary 





























































































































































































































































































































































































































































































































































































































































































































































































































CHAPTER 2: Morphological Examination on Sargassum hemiphyllum 
2.2.3 Data analysis and statistical tests 
Morphology of leaves and vesicles of Sargassum specimen was observed to change 
as it grew (Kilar et al. 1992). This might contribute to variability in morphological 
measurement of these parts. Furthermore, leaves and vesicles associated with 
different levels of branches could vary in their morphology as well. To minimize 
these variations, morphological parameters of leaves and vesicles associated with the 
same branching level from different populations were statistically analyzed together 
to make the comparison consistent. Average and mode values were taken 
respectively for measurable and numerical, categorical parameters of leaves and 
vesicles at each branching level. 
Since the three types of morphological parameters measured were statistically 
different types of variables, different statistical tests were applied. In the preliminary 
test to determine morphological parameters showing significant difference among 
specimens from different populations, the measurable parameters, which appeared 
normally distributed, were analyzed by a parametric one-way ANOVA. These data 
were also tested for homogeneity of variance. Transformation was attempted if the 
homogeneity tests were not successful. Non-parametric Kruskal-Wallis test was 
applied after transformation attempts failed to satisfy the parametric assumption of 
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equal variance. Numerical and categorical parameters, both of which would not have 
a normal distribution, were analyzed by nonparametric Kmskal-Wallis test and 
Chi-square test respectively. Kruskal-Wallis test compares the data sets by variants 
and Chi-square test compares the distribution pattern of the data. Since numerical 
parameters were ordered by magnitude while categorical parameters were not, only 
Kruskal-Wallis test was applied on numerical data. 
Statistical analysis on the entire data set, generated from measuring additional 16 
individuals from each population, utilized similar analytical approaches. One-way 
AN OVA with homogeneity test, Kruskal-Wallis test and Chi-square test were applied 
on measurable, numerical and categorical parameters respectively to identify variable 
morphological parameters. Measurable and numerical parameters were further 
analyzed by principal component analysis (PCA) and cluster analysis (Table 2.3) and 
categorical parameters were analyzed by contingency table analysis to determine the 
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2.3 Results 
2.3.1 Choosing parameters from preliminary results 
A total of 26 measurable, five numerical and 44 categorical parameters were 
investigated for variability in the preliminary test. The results of one-way ANOVA, 
including analysis applied on transformed data (Table 2.4), showed eight measurable 
parameters to be significantly variable among populations (Table 2.5). Two 
additional measurable parameters (Table 2.6A), one numerical parameter (Table 2.6B) 
analyzed using Kmskal-Wallis test, and nine categorical parameters (Table 2.7) 
analyzed using Chi square test were also shown to be significantly variable among 
populations. Twenty-seven categorical parameters exhibited no variation among 
populations at all (Table 2.8). 
Some discrepancies in the way branching levels were designated were also identified 
in the preliminary test. The leaves associated with secondary branches were 
incorrectly assigned to primary branches. For further analysis on the main data set, 
revision was made on the way different branching levels were designated with 
respect to the leaf and vesicle. Some parameters were also found to be too fuzzy to 
classify, e.g. shape of branches. These were not considered for further analysis. On 
the other hand, parameters which were documented to be spatially variable and 
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temporally conservable e.g. vesicle width and length to width ratio of leaves (Kilar, 
1992; Gillespie & Critchley，2001) were included in further analysis even though 
they were statistically tested not to be significantly variable. Table 2.9 shows all the 
parameters that were finally selected for use in further analysis of the morphology of 
the remaining 16 individuals of each population. Since the data sets for the remaining 
16 individuals of each population were not generated in exactly the same manner as 
the preliminary set of data, data from the remaining specimens were separately 
analyzed and was designated as the main data set in this study. 
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Table 2.4 List of transformations applied on the preliminary data which failed the 
homogeneity test. Refer to Table 2.2 for the explanation of the 
abbreviated symbols. Numbers before the abbreviated symbols refer to 
the level of branching these parameters were associated with. 
Measurable parameters Type of Data Transformation 
1LW Natural Log 
I L L / L W Cosine 
1 LP Natural Log 
I L L / L P Sine 
2LL Sine 
2LW Cosine 
2LL / LW Nil (Kruskal-Wallis test used) 
2LP Sine 
2LL / LP Sine 
IVL Cosine 
2VL Nil (KiTiskal-Wallis test used) 
2VW Nil (Kruskal-Wallis test used) 
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Table 2.5 Results of ANOVA on measurable parameters of the preliminary set of 
data. All P values <0.05 are given in bold.祐 indicates transformed data for 
that parameter were used in the analysis. Refer to Table 2.4 for details on 
the data transformation used and Table 2.2 for explanation of the 
abbreviated symbols. Numbers before the abbreviated symbols refer to 
the level of branching these parameters were associated with. 
Measurable df Mean Square F P 
Parameters  
TL Between Groups 4 56.283 0.250 0.904 
Within Groups 11 224.938 
ILL Between Groups 4 86.287 4.226 0.019 
Within Groups 14 20.420 
1LW# Between Groups 4 0.454 14.944 < 0.001 
Within Groups 14 0.030 
I L L / L W ^ Between Groups 4 0.222 22.309 <0.001 
Within Groups 14 0.010 
1LP# Between Groups 4 3.698 28.940 <0.001 
Within Groups 14 0.128 
I L L / L P # Between Groups 4 0.877 2.037 0.144 
Within Groups 14 0.431 
2LL# Between Groups 4 0.256 0.344 0.844 
Within Groups 14 0.745 
2LW# Between Groups 4 1.021 2.591 0.082 
Within Groups 14 0.394 
2LP# Between Groups 4 0.053 5.141 0.009 
Within Groups 14 0.010 
2 L L / L P # Between Groups 4 0.441 0.985 0.447 
Within Groups 14 0.448 
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Table 2.5 Results of ANOVA on measurable parameters of the preliminary set of 
data. All P values <0.05 are given in bold, indicates transformed data for 
that parameter were used in the analysis. Refer to Table 2.4 for details on 
the data transformation used and Table 2.2 for explanation of the 
abbreviated symbols. Numbers before the abbreviated symbols refer to 
the level of branching these parameters were associated with (Cont'd). 
Measurable df Mean Square F P 
Parameters  
1VL# Between Groups 4 1.767 45.840 <0.001 
Within Groups 9 0.039 
IVW Between Groups 4 0.862 1.439 0.298 
Within Groups 9 0.599 
I V L / V W Between Groups 4 0.157 0.403 0.802 
Within Groups 9 0.389 
IVStL Between Groups 4 0.415 5.913 0.013 
Within Groups 9 7.025E-02 
I V L / V S t L Between Groups 4 2.633 5.715 0.014 
Within Groups 9 0.461 
2 V L / V W Between Groups 4 0.278 3.264 0.054 
Within Groups 11 8.509E-02 
2VStL Between Groups 4 1.198 7.812 0.003 
Within Groups 11 0.153 
2VL / VStL Between Groups 4 0.894 3.003 0.067 
Within Groups 11 0.298 
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Table 2.6 Results of Kruskal-Wallis test on A) measurable parameters of the 
preliminary set of data which failed the homogeneity test, B) numerical 
parameters of the preliminary set of data. All P values <0.05 are given in 
bold. Refer to Table 2.2 for explanation of the abbreviated symbols. 
Numbers before the abbreviated symbols refer to the level of branching 
these parameters were associated with. 
A)  
Measurable parameters Chi-Square x df P 
2LL/LW 10.863 3 0.012 
3LL 2.400 2 0.301 
3LW 2.000 2 0.368 
3 L L / L W 3.600 2 0.165 
3LP 2.400 2 0.301 
3 L L / L P 3.600 2 0.165 
2VL 8.122 3 0.044 
2VW 1.583 3 0.663 
3VL 3.600 2 0.165 
3VW 3.000 2 0.223 
3 V L / V W 2.000 2 0.368 
3VStL 3.600 2 0.165 
3VL / VStL 3.000 2 0.223 
B)  
Numerical parameters Chi-Square y^  df P 
BL 7.554 4 0.109 
AN 3.750 4 0.441 
IBN 5.683 4 0.224 
2BN 11.584 4 0.021 
3BN 2.571 3 0.463 
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Table 2.7 Results of Chi-square test on categorical parameters of the preliminary set 
of data. All P values <0.05 are given in bold. For each parameter, the 
probabilities of appearance of different types in each parameter were 
assumed to be equal. For specific category under each parameter, refer to 
Figs. 2.3 and 2.4. Refer to Table 2.2 for explanation of the abbreviated 
symbols. Numbers before the abbreviated symbols refer to the level of 
branching these parameters were associated with. 
Categorical parameters Number of Chi-Square X df P 
categories 
AS 2 8.067 1 0.005 
2BS 2 8.067 1 0.005 
3BS 2 0.000 1 1.000 
ILM 2 8.067 1 0.005 
ILT 5 0.667 4 0.955 
2LM 3 11.200 2 0.004 
2LT 5 5.333 4 0.255 
2LC 2 11.267 1 0.001 
3LM 2 0.000 1 1.000 
3LT 3 0.500 2 0.779 
3LC 2 1.000 1 0.317 
IVM 3 5.692 2 0.058 
IVS 2 10.286 1 0.001 
IVA 2 10.286 1 0.001 
2VM 3 2.923 2 0.232 
2VS 2 6.231 1 0.013 
2VA 4 18.692 3 <0.001 
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Table 2.8 List of categorical parameters of the preliminary set of data which could 
not be analyzed by Chi-square test due to absence of variation. Refer to 
Table 2.2 for explanation of the abbreviated symbols. Numbers before the 
abbreviated symbols refer to the level of branching these parameters were 
associated with. 
Axis/ Branch Leaf Vesicle 
H ILS IVSt 
AM ILB IVC 
IBS ILMid 2VSt 
IBM ILC 2VC 
IBP 2LS 3VSt 
2BM 2LB 3VM 
2BP 2LMid 3VS 
3BM 3LB 3VA 
3BP 3LMid 3VC 
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Table 2.9 A shortened list of parameters used for further analysis on the main set of 
data. The parameters used were applicable to all branching levels. 
Measurable parameters Numerical parameters Categorical parameters 
Total Length (TL) Branching Level (BL) Leaf Shape (LS) 
u T r i �/ T I � Axis/ Branches Number � r � � • Max. Leaf Length (LL) (A^/ r n ) Leaf Margin (LM) 
Max. Leaf Width (LW) Leaf Tip (LT) 
Leaf Length to Leaf Width . „ � 
ratio (LL/LW) Leaf Base (LB) 
Leaf Petiole length (LP) Vesicle Margin (VM) 
Leaf Length to Leaf 
Petiole length ratio Vesicle Stalk (VSt) 
(LL/LP) 
Max. Vesicle Length (VL) Vesicle Arrangement (VA) 
Max. Vesicle Width (VW) 
Vesicle Length to Vesicle 
Width ratio (VL/VW) 
Vesicle Stalk Length 
(VStL) 
Vesicle Length to Vesicle 
Stalk Length ratio 
(VL/VStL) 
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2.3.2 Analysis on the main data set 
2.3.2.1 Layout of the data set 
A total of 100 individual specimens, representing 20 specimens from Wakayama, 
Japan and 16 specimens from each of the other five populations, were examined to 
produce the main data set. Length of the specimens measured varied from 30 cm to 
60 cm. All of them did not have any reproductive structure. The levels of branching 
of the specimens from different populations were similar, ranging from secondary to 
tertiary. Only those specimens from Penghu, Taiwan exhibited quaternary level of 
branching. Variations of leaves (Fig. 2.5) and vesicles (Fig. 2.6) were observed for 
the specimens from different populations. The details of other morphological 
parameters considered for each population are listed in Table 2.10. Statistical 
analyses were carried out to select for morphological parameter which exhibited 
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2.3.2.2 Spatially conservable vs. variable parameters 
For measurable parameters, data were transformed or tested by Kruskal-Wallis test if 
the parametric assumption of equal variance could not be satisfied (Table 2.11). 
ANOVA could not be performed on the parameters associated with quaternary 
branching level because only those specimens from Penghu exhibited such branching 
level. The results on leaf parameters associated with the main axis were based on the 
specimens from Wakayama, Fujian and Hong Kong only because no leaf was found 
to be associated with the main axis in the specimens from other populations. As 
shown in Table 2.12, there were 18 measurable parameters identified by ANOVA to 
be statistically variable among populations. For those parameters tested by 
Kruskal-Wallis test, parameters such as length to width ratio of leaf in secondary 
branching level, and length and width of vesicle in tertiary branching level were 
found to be variable (Table 2.13A). Branching level and number of branches were 
also shown to be significantly variable in Kruskal-Wallis test (Table 2.13B). Eight 
categorical parameters were identified by Chi-square test for association as variable 
parameters (Tables 2.14 and 2.15). They were types of tip and margin of leaf at all 
branching levels as well as margin of vesicles in secondary and tertiary branching 
levels. All in all, a total of 36 spatially variable parameters and 26 spatially 
conservable parameters were identified from the main data set. 
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Table 2.11 List of transformation applied on the data in the main data set which 
failed the homogeneity test. Refer to Table 2.9 for the details of the 
abbreviations used. Numbers before the abbreviated symbols refer to 
the level of branching these parameters were associated with. 
Measurable Parameters Type of Data Transformation 
TL Sin 
ALL / LW Natural Log 
1LL Natural Log 
ILW Natural Log 
I L L / L W Natural Log 
2LL Natural Log 
2LW Natural Log 
2LL / LW Nil (Kruskal-Wallis test used) 
2LP Natural Log 
2VL Natural Log 
2VL / VStL Natural Log 
3LL Nil (Kruskal-Wallis test used) 
3LW Nil (Kruskal-Wallis test used) 
3 L L / L W Natural Log 
3LL / LP Nil (Kruskal-Wallis test used) 
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Table 2.12 Results of ANOVA on measuremable parameters in the main data set to 
identify variable parameters. All P values <0.05 are given in bold. # 
indicates transformed data for that parameter were used in the analysis. 
Refer to Table 2.11 for details on the data transformation used and Table 
2.9 for explanation of the abbreviated symbols. Numbers before the 
abbreviated symbols refer to the level of branching these parameters were 
associated with. 
IVTpRn 
Measurable parameters df ‘ F P 
Square 
TL Between Groups ^ ^.602 1.118 0.356 
Within Groups 93 o.538 
ALL Between Groups ^ 127.941 0.876 0.534 
Within Groups ^ 146.130 
ALW Between Groups ^ 13.966 1.552 0.267 
Within Groups ^ ^^ 
A L L / L W # Between Groups ^ ^.057 0.644 0.542 
Within Groups 丨 �0 . 0 8 9 
ALP Between Groups 产 ^ ^ 
^ 5 0.019 0.109 0.987 
Within Groups ^ O.179 
A L L / L P Between Groups ^ 59.214 0.421 0.823 
� Within Groups 9 ^ . T l l 
l U / Between Groups ^ 5 ^99 242.548 <0.001 
Within Groups o.022 
Between Groups ^ 3 • 135.444 <0.001 
Within Groups o.028 
m u v e e n G i — ^ 棚 89.785 <0.001 
Within Groups 奶 08 
ILP Between Groups ^ 2.598 77.550 <0.001 
Within Gmups 93 0.034 
I I X / L P Between Groups 3 281.087 105.266 <0.001 
Within Groups 穩  
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Table 2.12 Results of ANOVA on measurable parameters in the main data set to 
identify variable parameters. All P values <0.05 are given in bold.转 
indicates transformed data for that parameter were used in the analysis. 
Refer to Table 2.11 for details on the data transformation used and Table 
2.9 for explanation of the abbreviated symbols. Numbers before the 
abbreviated symbols refer to the level of branching these parameters were 
associated with (Cont'd). 
Mean 
Measurable parameters df F P 
Square 
Between Groups ^ 3 1 3 , 85.091 <0.001 
Within Groups ^^ o.037 
Between Groups ^ ^ 332 27.792 <0.001 
Within Groups 卩彳 o.014 
2 I X / L P Between Groups ^ ,00.657 96.739 <0.001 
Within Groups ^^ ^ ^^^ 
3 L L / L W # Between Groups � 
^ 5 0.550 40.385 <0.001 
Within Groups 冗 o.014 
3LP Between Groups ^ q.IIS 7.081 <0.001 
Within Groups ^^ 0.OI6 
Between Groups ^ ^ 53.827 <0.001 
Within Groups ^^ 。皿 
2 V L / V W Between Groups ^ , ^ 4 6 32.863 <0.001 
Within Groups ^^ o.032 
Between Groups ^ �观 ^3 3 9 0 � q . O O I 
Within Groups ^^ o.076 
2 V L / V S t L / Between Groups ^ ^.235 11.447 <0.001 
Within Groups ^^ o.021 
3 V L / V W Between Groups ^ 0 439 16.477 <0.001 
Within Groups 力 q.OSO 
3VStL Between Groups 3 q 333 ^ . 4 4 4 <0.001 
Within Groups o.037  
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Table 2.13 Results of Kruskal-Wallis test on A. measurable parameters which failed 
the homogeneity test and B. numerical parameters of the main set of data. 
All P values <0.05 are given in bold. Refer to Table 2.9 for explanation of 
the abbreviated symbols. Numbers before the abbreviated symbols refer 
to the level of branching these parameters were associated with.  
Measurable parameters Chi-Square df P 
2LL/LW 63.338 5 <0.001 
3LL 56.979 5 <0.001 
3LW 41.596 5 <0.001 
3LL/LP 62.445 5 <0.001 
3VL 496 5 <0.001 
3VW 330 5 <0.001 
3VL/VStL 3.363 5 0.644 
R  
Numerical parameters Chi-Square df P 
BL 15.352 5 0.009 
AN 5.250 5 0.386 
IBN 16.899 5 0.005 
2BN 50.845 5 <0.001 
3BN 26.296 5 <0.001 
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Table 2.14 Results of Chi-square test for association on categorical parameters in 
the main data set. All P values <0.05 are given in bold. For specific 
category under each parameter, refer to Figs. 2.3 and 2.4. Refer to Table 
2.9 for explanation of the abbreviated symbols. Numbers before the 
abbreviated symbols refer to the level of branching these parameters 
were associated with. 
Categorical parameters Number of chi-Square df P 
categories ^ ^ 
3 
ALM 5.704 4 0.222 
3 
ALS 3.144 4 0.534 
3 
ALT 4.190 4 0.381 
2 
ILM 21.823 5 0.001 
5 
ILT 58.651 20 <0.001 
2 
ILB 3.990 5 0.551 
3 
2LM 40.552 10 <0.001 
4 
2LT 61.543 15 <0.001 
2 
3LM 39.219 5 <0.001 
4 
3LT 44.843 15 <0.001 
2 
IVM 40 2 0.135 
2 
IVSt 40 2 0.135 
6 
2VM 123.416 25 <0.001 
2 
2VA 5.633 5 0.344 
3 
2VSt 10.495 10 0.398 
2 
3VSt 5.655 5 0.341 
3VM 5 67.883 20 <0.001 
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Table 2.15 List of the categorical parameters in the main data set which could not be 
analyzed by Chi-square test for association. Refer to Table 2.2 for 
explanation of the abbreviated symbols. Numbers before the abbreviated 
symbols refer to the level of branching these parameters were associated 
with. 
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2.3.3 Conservable morphological parameters- consensus of 
specimens 
Based on the conservable morphological parameters identified from the main data set, 
a consensus Sargassum hemiphyllum with spatially stable characters can be described. 
The consensus plant would have a ramifying holdfast with primarily a single main 
axis grown from the holdfast. Although leaves associated with the main axis were 
recorded in specimens from Wakayama, Fujian and Hong Kong only, those leaves 
appeared to be consistently lanceolate in shape with an attenuate base and a rounded 
tip. The length of those leaves from the main axis ranged from 16 cm to 35 cm. The 
leaves associated with primary, secondary and tertiary branching levels were all 
hemiphyllous with an oblique base. The vesicles, with smooth stalk, appeared in 
single along the primary, secondary and tertiary branches. 
2.3.4 Variable morphological parameters- variation among 
specimens based on categorical parameters 
The differentiation of specimens from different populations can be observed by 
constructing contingency tables for the variable categorical parameters identified in 
the Chi-square test (Table 2.16). Four to five types of tip were found in leaves from 
the three branching levels. Rounded tip was the dominant type in leaves associated 
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with the primary branching level, but acuminate tip was dominant in specimens from 
Hong Kong and Zhanjiang. Similarly, rounded tip dominated leaves of secondary 
branching level, but acuminate tip could be found dominant in specimens from Hong 
Kong and Zhanjiang as well as from Wakayama, Japan. For leaves from the tertiary 
branching levels, acuminate tip dominated in all populations except those from 
Fujian. Two to three types of leaf margin were found in all branching levels (Table 
2.16). Irregular aculeate was the dominant type of leaf margin in all populations 
associated with all three branching levels. Exception were specimens from Cheju 
Island having increasing abundance of entire margin for leaves from primary to 
tertiary branching levels. 
Up to six types of vesicle margin were recorded in the specimens (Table 2.16). The 
margin of vesicle from secondary and tertiary branching levels was generally either 
apical or smooth in all populations, with the exception of specimens from Wakayama, 
which have a large amount of vesicle margin having two short extensions. 
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Table 2.16 Contingency tables of the variable categorical parameters identified in the 
Chi-square test for association. Number in parenthesis is the expected 
frequency for a particular observation. CNF J: Fujiang, China, CNZJ: 
Zhanjiang, China, CNHK: Hong Kong, China, TWPH: Penghu, Taiwan,  
China, JPWY: Wakayama, Japan, KRCJ: Cheju Island, Korea  
Type of tip of primary leaf  
Population acuminate acute apiculate emarginate rounded Total 
A 人 r ^ r^  
CNFJ 0 (5 .3 ) 1(0.6) 3 (1.1) 0(0.2) 12(8.7) 16(16.0) 
CNZJ 10(5.0) 3(0.6) 0(1.1) 0 (0.2) 2(8.2) 15(15.0) 
CNHK 11(5.3) 0 (0.6) 1(1.1) 1 (0.2) 3 (8.7) 16(16.0) 
TWPH 3 (5.3) 0(0.6) 3(1.1) 0(0.2) 10(8.7) 16(16.0) 
JPWY 4 (6.7) 0 (0.8) 0(1.4) 0 (0.2) 16(10.9) 20 (20.0) 
KRCJ 5 (5.3) 0(0.6) 0(1.1) 0 (0.2) 11(8.7) 16(16.0) 
Total 33 (33.0) 4 (4.0) 7 (7.0) 1 (1.0) 54 (54.0) 99 (99.0) 
Type of tip of secondary leaf  
Population acuminate acute apiculate rounded Total 
A A 人 一 
CNFJ 0(7.4) 1(0.5) 4(1.6) 11(6.6) 16(16.0) 
CNZJ 15(7.4) 1 (0.5) 0(1.6) 0 (6.6) 16(16.0) 
CNHK 9 (7.4) 1 (0.5) 2(1.6) 4(6.6) 16(16.0) 
TWPH 3(7.4) 0 (0.5) 4(1.6) 9(6.6) 16(16.0) 
JPWY 16 (9.2) 0 (0.6) 0 (2.0) 4(8.2) 20 (20.0) 
KRCJ 3(7.4) 0(0.5) 0(1.6) 13(6.6) 16(16.0) 
Total 46 (46.0) 3 (3.0) 10(10.0) 41 (41.0) 100 (100.0) 
Type of tip of tertiary leaf  
Population acuminate acute apiculate rounded Total  
A 八 入 一 
CNFJ 3 (8.9) 1 (0.1) 3 (0.4) 3 (0.6) 10 (10.0) 
CNZJ 13(11.6) 0 (0.2) 0 (0.5) 0(0.8) 13 (13.0) 
CNHK 11(9.8) 0(0.1) 0 (0.4) 0 (0.7) 11(11.0) 
TWPH 13(12.4) 0 (0.2) 0 (0.5) 1 (0.9) 14(14.0) 
JPWY 19(16.9) 0 (0.2) 0(0.7) 0(1.2) 19(19.0) 
KRCJ 13(12.4) 0(0.2) 0(0.5) 1(0.9) 14(14.0) 
Total 72 (72.0) 1 (1.0) 3 (3.0) 5 (5.0) 81 (81.0) 
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T a b l e 2 .16 C o n t i n g e n c y tables of the var iable categorical parameters identif ied in the 
Ch i - squa re test for associat ion. N u m b e r in parenthesis is the expected f r e q u e n c y 
fo r a par t icular observat ion. C N F J: Fuj iang, China, C N Z J : Zhan j i ang , China , 
C N H K : H o n g Kong , China , T W P H : Penghu, Taiwan, China , J P W Y : Wakayama , 
Japan , K R C J : Che ju Island, Korea ( con t ' d ) 
Type of margin of primary leaf  
Population entire irregular aculeate Total 
z 人 
CNFJ 0(1.9) 16(14.1) 16(16.0) 
CNZJ 2(1.8) 13(13.2) 15(15.0) 
CNHK 0(1.9) 16(14.1) 16(16.0) 
TWPH 0(1.9) 16(14.1) 16(16.0) 
JPWY 3 (2.4) 17(17.6) 20 (20.0) 
KRCJ 7(1.9) 9(14.1) 16(16.0) 
Total 12 (12.0) 87 (87.0) 99 (99.0) 
Type of margin of secondary leaf  
Population entire irregular dentate irregular aculeate Total 
一 丄 
CNFJ 0(2.1) 0(0.2) 16(13.8) 16(16.0) 
CNZJ 3 (2.1) 0 (0.2) 13(13.8) 16(16.0) 
CNHK 1(2.1) 1 (0.2) 14(13.8) 16(16.0) 
TWPH 0(2.1) 0(0.2) 16(13.8) 16(16.0) 
JPWY 0 (2.6) 0(0.2) 20 (17.2) 20 (20.0) 
KRCJ 9(2.1) 0(0.2) 7(13.8) 16(16.0) 
Total 13 (13.0) 1 (1.0) 86 (86.0) 100 (100.0) 
Type of margin of tertiary leaf  
Population entire irregular aculeate Total 
^ ...A. 
CNFJ 0(2.5) 11(8.5) 11(11.0) 
CNZJ 5 (3.0) 8(10.0) 13 (13.0) 
CNHK 3(2.5) 8 (8.5) 11 (11.0) 
TWPH 0(3.2) 14(10.8) 14(14.0) 
JPWY 0(4.4) 19(14.6) 19(19.0) 
KRCJ 11(3.2) 3(10.8) 14(14.0) 
Total 19 (19.0) 63 (63.0) 82 (82.0) 
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Table 2.16 Contingency tables of the variable categorical parameters identified in 
the Chi-square test for association. Number in parenthesis is the 
expected frequency for a particular observation. CNF J: Fujiang, China, 
CNZJ: Zhanjiang, China, CNHK: Hong Kong, China, TWPH: Penghu, 
Taiwan, China, JPWY: Wakayama, Japan, KRCJ: Cheju Island, Korea 
(cont'd) 
Type of margin of secondary Vesicle  
Population smooth apical winged acute 2 long 2 short ^ . , 
Q <> f m 0 ext. ext. 
C O  
CNFJ 5 (2.2) 7(8.1) 0 (0.2) 1(0.9) 1 (0.3) 0(2.3) 14(14.0) 
CNZJ 2(2.0) 6 (7.5) 0(0.1) 5(0.9) 0(0.3) 0 (2.2) 13(13.0) 
CNHK 0(2.3) 15(8.7) 0 (0.2) 0(1.0) 0(0.3) 0(2.5) 15(15.0) 
TWPH 7 (2.0) 6(7.5) 0(0.1) 0 (0.9) 0(0.3) 0 (2.2) 13 (13.0) 
JPWY 0 (3.1) 3 (11.6) 1 (0.2) 0 (1.3) 1 (0.4) 15 (3.3) 20 (20.0) 
KRCJ 0(2.3) 15(8.7) 0 (0.2) 0(1.0) 0 (0.3) 0 (2.5) 15 (15.0) 
Total 14 (14.0) 52 (52.0) 1 (1.0) 6 (6.0) 2 (2.0) 15 (15.0) 90 (90.0) 
Type of margin of tertiary Vesicle  
Population smooth apical acute 2 long 2 short Total 
Q A A ext. ext. 
广、、 
CNFJ 10(3.7) 1(7.1) 0 (0.5) 1 (0.2) 0(0.6) 12(12.0) 
CNZJ 5(3.4) 4(6.5) 0(0.4) 0(0.1) 0(0.6) 11(11.0) 
CNHK 1(4.0) 11(7.7) 1(0.5) 0(0.2) 0(0.7) 13 (13.0) 
TWPH 8(4.0) 5(7.7) 0 (0.5) 0 (0.2) 0 (0.7) 13(13.0) 
JPWY 0 (5.2) 13(10.0) 0 (0.7) 0 (0.2) 4(0.9) 17(17.0) 
KRCJ 0(3.7) 12(7.1) 0 (0.5) 0 (0.2) 0(0.6) 12(12.0) 
Total 24 (24.0) 46 (46.0) 3 (3.0) 1 (1.0) 4 (4.0) 78 (78.0) 
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2.3.5 Differentiation of populations based on measurable and 
numerical parameters 
Principal Component Analysis (PCA) and Cluster Analysis were employed to relate 
individual specimens from different populations based on measurable and numerical 
parameters. The parameters associated with the main axis and tertiary branch were 
omitted from PCA and cluster analysis due to small sample size. For PCA, two 
approaches were taken to deal with the issue of missing data associated with primary 
and secondary branching levels. Missing data from single individuals were either 
replaced by the means calculated from all the other specimens or the set of data for 
that individual was totally excluded from the analysis. Results of the principal 
components analysis using these two approaches are comparable. A total of 55.9% 
and 52.0% of variations within the data are explained by the first two principal 
components (PC) using the excluded-missing-data (EMD) approach (Table 2.17) and 
the replaced-by-mean (RBM) approach (Table 2.18) respectively. A clear partition of 
the data set is equally observable from the PCA plot using the first two PC of these 
two approaches (Figs. 2.7 & 2.8). 
The first principal component (PCI) is able to resolve the main data set into two 
main groups, the group representing specimens from Hong Kong and Zhanjiang in 
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China and another group representing those from Penghu and Fujian in China, 
Wakayama in Japan and Cheju Island in Korea. Data for the group of Hong Kong 
and Zhanjiang, which could not be differentiated from each other based on PC 1, 
have the highest scores scattering along PC 1. The second data group could further 
be sub-partitioned along PC 1. Data for Penghu and Fujian are mixed together and 
have higher scores than those for Wakayama and Cheju Island. Data for Wakayama 
are more scatter and have higher PC scores than the data for Cheju Island, which is 
the most aggregated group along PC 1. The major parameters explained by PC 1 are 
length of leaf associated with primary (weighting: 0.921 for EMD and 0.885 for 
RBM) and secondary (weighting: 0.944 for EMD and 0.925 for RBM) branching 
levels, length to petiole length ratio of leaf associated with primary (weighting: 0.886 
for EMD and 0.854 for RBM) and secondary (weighting: 0.841 for EMD and 0.848 
for RBM) branching levels and length of vesicle associated with secondary 
(weighting: 0.875 for EMD and 0.859 for RBM) and tertiary (weighting: 0.836 for 
EMD and 0.765 for RBM) branching levels (Tables 2.19 and 2.20). These are the 
most important parameters that differentiate the populations from the different 
localities. 
Less information can be gained from PC2 because it accounts for only 14.03% (for 
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EMD) and 13.62% (for RBM) of the variation in the main data set (Figs. 2.17 & 
2.18). Data for Hong Kong, Zhanjiang and Wakayama are highly scored and their 
distributions overlap with each other. The group for Penghu and Fujian has low PC 2 
scores, but can not be differentiated. Data for Cheju Island are distributed in between 
the group for Hong Kong, Zhanjiang and Wakayama and the group for Penghu and 
Fujian. Those parameters which contribute to the above differentiation i.e. those 
explained by PC 2, are the length to width ratio of vesicle associated with secondary 
(weighting: 0.658 for EMD and 0.642 for RBM) and tertiary (weighting: 0.762 for 
EMD and 0.670 for RBM) branching levels, width of leaf associated with tertiary 
(weighting: -0.693 for EMD and -0.667 for RBM) branching level and length to 
width ratio of leaf associated with primary (weighting: 0.716 for EMD and 0.733 for 
RBM) branching level (Tables 2.19 and 2.20). 
PCA is not able to resolve the partition of the main data set unequivocally, so cluster 
analysis was performed to further analyze the partition and the relationship among 
data. The dendrogram generated by cluster analysis shows two main clusters (Fig. 
2.9). One consists of the data from Wakayama, Cheju Island, Fujian and Penghu, 
while the other consists of those from the other two populations. Within the first 
cluster that includes four populations, data from Fujian can further be clustered with 
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those from Penghu while those from Wakayama can be clustered with Cheju Island. 
Results of cluster analysis provide a better partition of the data and also elucidate 
more clearly the relationship among the populations. 
66 
CHAPTER 2: Morphological Examination on Sargassum hemiphyllum 
Table 2.17 Percentage of the variance explained by the first five principal 
components. Missing data were excluded as a whole individual from 
the analysis. 
Initial Eigenvalues  
Component Total % of variance Cumulative % 
1 12.52 48.14 48.14 
2 3.65 14.03 62.17 
3 2.92 11.22 73.39 
4 1.80 6.93 80.32 
5 1.08 4.14 84.46 
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Table 2.18 Percentage of the variance explained by the first five principal 
components. Missing data were replaced by means in the analysis. 
Initial Eigenvalues  
Component Total o/o of variance Cumulative % 
1 11.57 44.48 44.48 
2 3.54 13.62 58.10 
3 2.87 11.04 69.15 
4 1.85 7.12 76.27 
5 1.14 4.37 80.63 
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Table 2.19 Component matrix of the first three principal components of PCA. 
Missing data were excluded from the analysis. Refer to Table 2.9 for 
the explanation of the abbreviations. 
u Principal component 
Measurable parameters  
1 2 3 
PL 0.409 0.183 -0.540 
ILL 0.917 04 -0.242 
ILW 0.804 -0.360 -0.313 
I L L / L W 0.587 0.709 0.156 
ILP 0.678 -0.051 -0.632 
I L L / L P 0.882 0.057 0.138 
2LL 0.941 -0.094 0.016 
2LW 0.790 -0.478 -0.105 
2 L L / L W 0.636 0.522 0.250 
2LP 0.637 -0.273 -0.528 
2 L L / L P 0.839 0.067 0.412 
3LL 0.764 -0.325 0.432 
3LW 0.391 -0.709 0.341 
3LL/LW 0.795 0.403 0.199 
3 LP 0.403 -0.531 -0.103 
3 L L / L P 0.704 -0.024 0.623 
2VL 0.876 0.184 -0.187 
2VW 0.752 -0.213 -0.236 
2 V L / V W 0.455 0.652 -0.015 
2VStL 0.722 0.213 -0.455 
2VL/VStL 0.494 0.045 0.449 
3VL 0.844 0.053 0.115 
3VW 0.703 -0.467 0.188 
3 V L / V W 0.291 0.742 -0.096 
3VStL 0.770 0.093 -0.056 
3VL/VStL 0.196 -0.055 0.451 
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Table 2.20 Component matrix of first three principal components of PCA. 
Missing data were replaced by means in the analysis. Refer to Table 
2.9 for the explanation of the abbreviations. 
, , Principal component 
Measurable parameters  
1 2 3 
PL 0.328 0.264 -0.480 
ILL 0.881 -0.014 -0.331 
ILW 0.769 -0.367 -0.368 
I L L / L W 0.546 0.709 0.047 
ILP 0.655 -0.075 -0.625 
I L L / L P 0.850 0.040 01 
2LL 0.921 -0.132 -0.022 
2LW 0.743 -0.525 -0.108 
2LL/LW 0.638 0.553 0.158 
2LP 0.628 -0.334 -0.443 
2 L L / L P 0.845 0.065 0.309 
3LL 0.757 -0.287 0.476 
3LW 0.411 -0.681 0.385 
3LL/LW 0.745 0.436 0.210 
3 LP 0.374 -0.568 00 
3 L L / L P 0.705 0.028 0.594 
2VL 0.860 0.165 -0.161 
2VW 0.720 -0.213 -0.193 
2 V L / V W 0.441 0.621 -0.033 
2VStL 0.706 0.113 -0.481 
2VL / VStL 0.411 0.101 0.425 
3VL 0.774 0.109 0.250 
3VW 0.656 -0.338 0.300 
3 V L / V W 0.282 0.657 -0.045 
3VStL 0.710 0.116 -09 
3VL/VStL 0.237 0.010 0.521 
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Plot of PC 1 vs. PC 2 
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Fig. 2. 7 PCA plot between PCI vs. PC2. Missing data were excluded from the 
analysis. For parameters explained by these two axes, refer to Table 2.19. 
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Plot of PC 1 vs. PC 2 
3 1 
2 . A • 
A 口 画 
1 • ^ • 口 口 • 
0 • A 么 口 Pofiulations 
^ • 口 • 口 A ChejuIshnd^Koi扮 
- 1 _ J J * • 口 口 
� � > • 口 • Waka3rama^  Japan 
‘ 
S), • o Penghu, Taiw^i, China 
o 
口 Hoiig K o i ^ China 
-3 . o 
• Zl-iaiijimg, Cliiiia 
J ^ • Fujiaii, China 
- 2 - 1 0 1 2 3 
PC 1 
Fig. 2. 8 PCA plot between PCI vs. PC2. Missing data were replaced by means in 
the analysis. For parameters explained by these two axes, refer to Table 
2.20. 
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Fig. 2.9 Dendrogram of cluster analysis using between-group linkage method and 
squared Euclidean distance as measurement unit. ? 
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2.4 Discussion 
2.4.1 Temporal vs. spatial variation in the morphology of 
Sargassum hemiphyllum 
Temporal variation of morphology of Sargassum spp., which contributes variability 
to the species, had been recognized for a long time (Kilar et al., 1992a). It can be 
assessed by investigating changes in the morphology of the species over time 
(Critchley, 1983; Kilar & Hanisak, 1989; Kilar, 1992; Gillespie & Critchley, 2001). 
In this study, the main focus is the spatial variation of Sargassum hemiphyllum rather 
than its temporal variation. The range of area represented by the different populations 
covered in this study is large. No detailed phenological information is available for 
all these populations. From the limited ones available, the seasonality was shown to 
be quite different for different populations (Sato & Wada, 2000; Ang, unpublished 
data). To minimize the variability contributed by the temporal variation, all 
specimens were collected at the same growing stage. This is evidenced by the fact 
that the branching levels of the specimens from all populations (Table 2.21) are 
comparable and all of them were vegetative. While no reproductive structures 
(receptacles and supporting structure) were used in this analysis, this should not 
undermine the significance of the results obtained as the morphology of the 
receptacles was identified to be one that is not variable (Ajisaka et al. 1997). Besides, 
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immature specimens would have retained more vegetative parts, thus providing more 
morphological information that was used in the analysis. 
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Table 2.21 Branching levels of the specimens from the six populations. (CNFJ: 
Fujiang, China, CNZJ: Zhanjiang, China, CNHK: Hong Kong, China, 
TWPH: Penghu, Taiwan, China, JPWY: Wakayama, Japan and KRCJ: 
Cheju Island, Korea) 
Branching levels 
Population Total 
2 3 4 
CNFJ 4 12 0 16(16.0) 
CNZJ 3 13 0 16(16.0) 
CNHK 2 14 0 16(16.0) 
TWPH 1 10 5 16(16.0) 
JPWY 0 20 0 20 (20.0) 
KRCJ 1 15 0 16(16.0) 
Total 11 84 5 100 (100.0) 
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2.4.2 Spatially conservable characters for the taxonomic 
identification of Sargassum hemiphyllum 
The results of Ajisaka's comparative study (Ajisaka et al. 1997) suggested that the 
"creeping fibrous" holdfast i.e. ramifying holdfast, hemiphyllous leaves and terete 
receptacles are the consistent characters for Sargassum hemiphyllum collected from 
Vietnam, Guangdong (= Zhanjiang in this study), Hong Kong, Taiwan, Fujian, 
Zhejiang and Nagasaki in Japan. The ramifying holdfast and hemiphyllous leaves 
were also identified to be stable parameters (characters) in the present study with a 
relatively larger sample size of specimens examined. However, additional stable 
characters were also identified. These included the lanceolate leaves associated with 
the main axis, smooth stalked vesicles growing singularly that were associated with 
higher levels of branching. All these can be used as taxonomic criteria in the 
identification of S. hemiphyllum. 
2.4.3 Variation within Sargassum hemiphyllum 
The difference between the variety hemiphyllum and variety chinense reported by 
Ajisaka et al. (1997) was based on the size difference in leaves. The leaves of variety 
chinense (43 - 54 cm for basal primary leaves) are larger than those of variety 
hemiphyllum (15 cm for basal primary leaves) (Ajisaka et al., 1997). There was no a 
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priori emphasis on leaf size as a variable parameter when morphological parameters 
of specimens from different populations were measured and analyzed in this study. 
The results of PCA suggest that the difference in leaf length is one of the major 
parameters that differentiated the populations. This, thus, supports the view of 
Ajisaka et al. on the importance of leaf length as a taxonomic character. However, 
results of PCA reveal that the length to width ratio of leaves, the length to petiole 
ratio of leaves and length of vesicle are also important parameters that differentiate 
the populations (Tables 2.19 & 2.20). The partition of the populations, based on the 
above parameters, is different from what was suggested by Ajisaka et al. (1997). 
Instead of two very distinct groups that could be classified into two varieties, the two 
groups of data along the PC 1 of PCA analysis (Figs. 2.7 & 2.8), representing a group 
from Zhanjiang and Hong Kong and a group from the other four populations, is not 
partitioned based on leaf length alone. The boundaries between groups are not clear. 
This raises a question as to whether leaf length alone would be a suitable 
morphological parameter to be used to distinguish the two varieties. Furthermore, 
whether the classification of the two varieties is valid is also worthy of notice. 
Additional study, based on genetic analysis, may be able to help unmask the effect of 
environmental factors on morphological variation observed among different 
populations and allow phylogenetic relationship among them to be deciphered. 
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2.4.4 Variation along the biogeographical gradient 
When the partitions of data were compared to the geographical location of the 
populations, a conspicuous relationship was observed. A gradual change in 
morphology ofS. hemiphyllum along its latitudinal distribution can be observed from 
the PC 1 of PCA analysis. The length of leaves, length to petiole ratio of leaf and 
length of vesicle (Tables 2.19 & 2.20) are the major morphological parameters 
contributing to this gradual change. The sizes of these three parameters increase in 
value from the populations in the south to the populations in the north. Other than 
PCA analysis, the result of cluster analysis can also be matched with the 
geographical location of the populations. The specimens from Hong Kong and 
Zhanjiang, which are geographically close by in the south, form a cluster in the 
dendrogram (Fig. 2.10). Specimens from Fujian and Penghu, or from Cheju Island 
and Wakayama which are close in geographical distance, form separate clusters (Fig 
2.10). Based on the cluster analysis, populations from Fujian, Penghu, Cheju Island 
and Wakayama form a larger cluster covering a larger but contiguous geographical 
area in the north. Categorical parameters appear to be less able to relate the 
geographical locations of the populations with specific variable parameters. The leaf 
tips of the specimens generally change from rounded to acuminate shape in leaves 
associated with higher levels of branching (Table 2.16). But this trend is different for 
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the populations in the south (Zhanjiang and Hong Kong) in which the tips of the 
leaves associated with all branching levels are mainly acuminate (Table 2.16). On the 
other hand, vesicles having two lateral extensions were recorded in the specimens 
from Wakayama and occasionally in Fujian, but these two places are not adjacent to 
one another (Fig. 2.10). 
The geographically related differentiation of parameters observed in this study could 
be a consequence of an on-going evolutionary process. The sampling areas in this 
study cover hundreds of kilometers in distance, which are characterized by dramatic 
differences in environment conditions. The spatial variation in morphological 
parameters exhibited by different populations may be a reflection of how some of 
these variable parameters may be shaped by environmental change. However, some 
of these parameters are becoming more distinct along a biogeographical gradient, 
suggesting that speciation may have already been initiated to a certain extent. More 
information, especially on the genetic makeup of different populations of Sargassum 







































































































































































































Genetic Analysis of RbcL-S Spacer in Sargassum 
hemiphyllum 
3.1 Introduction 
Sargassum hemiphyllum exhibits extensive intra-specific morphological variations 
(see Chapter 2). The morphological data illustrate differences among populations 
from different localities. Whether these differences are due to environmental or 
heritable factors, however, is not known. To address this question, genetic analysis 
was carried out to confirm if there is any intra-specific genetic difference 
corresponding to the intra-specific morphological difference observed. 
Various methods have been utilized for genetic analysis of macroalgae at various 
systematic levels. On one hand, allozyme analysis (Benzie et al. 2000a,b) and 
restriction fragment length polymorphisms (RFLP) of nuclear ribosomal intergenic 
spacer (van Oppen et al 1994) have been used to elucidate the phylogenetic 
relationship among species. Random amplified polymorphic DNAs (RAPDs) (van 
Oppen et al 1994，1996; Ho et al. 1995; Wright et al. 2000) and amplified fragment 
length polymorphisms (AFLP) (Kusumo et al 2000), on the other hand, were 
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performed to investigate the intra-specific variation and large-scale biogeographical 
population variation. 
Sequence divergences of various genes in nuclear and chloroplast genomes were also 
commonly utilized in phylogenetic studies of macroalgae (Blomster et al. 1998, 2000; 
Siemer et al. 1998; Freshwater et al 1999; McCourt et al 1999; Serrao et al. 1999； 
Yotsukura et al. 1999; Phillips & Fredericq 2000; Stiger et al. 2000; Sasaki et al 
2001). For nuclear genome, divergences of gene sequence of internal transcribed 
spacer 1 (ITS-1) and 2 (ITS-2) and subunit 5.8S of ribosomal RNA in nuclear 
genome (iiDNA) were used to solve systematic problems from genus to subspecies 
levels (Blomster et al. 1998，2000; Serrao et al. 1999; Yotsukura et al 1999; Stiger et 
al. 2000). Ribulose-1 -5-bisphosphate carboxylase/oxygenase (Rbc/Ruhisco) gene in 
chloroplast genome is also a common gene used to evaluate genetic diversity from 
the level of order to populations in a large geographical scale (Siemer et al. 1998; 
Freshwater et al 1999; McCourt et al 1999; Phillips & Fredericq 2000; Sasaki et al 
2001). Rbc gene is a protein-coding gene with three regions (Fig. 3.1). The middle 
region, called RbcL-S spacer, which is the spacer between the two protein-coding 
regions, RbcS and RbcL, is more evolutionarily variable compared to the 
protein-coding regions due to its non-coding nature. While the RbcL gene is used for 
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the Study of the relationship among samples at the higher phylogenetic levels such as 
order and genus (Siemer et al 1998; McCourt et al 1999; Sasaki et al. 2001), 
RbcL-S spacer was shown to be suitable for the levels of species to populations 
(Phillips 1998; Phillips & Fredericq 2000). 
For genus Sargassum, only a few genetic markers have been developed. The 
sequence divergence of ITS2 of the Sargassum species in subgenus Bactrophycus has 
been assessed (Stiger et al. 2000). The results suggested the affinity of the section 
Phyllocystae to the subgenus Sargassum rather than to the subgenus Bactrophycus. 
These authors also stated the suitability of using ITS2 as the genetic marker at the 
subgenus and sectional phylogenetic levels. RAPD-PCR was once utilized to 
characterize two Sargassum species, S. polycystum and S. siliquosum (Ho et al. 1995). 
This study, which is preliminary in nature, compared different extraction methods 
rather than evaluated the phylogenetic relationship between these species. Based on 
the analysis of divergence of RbcL-S spacer (Phillips & Fredericq 2000), different 
species of Sargassum in the Gulf of Mexico, when compared with those in the 
Pacific basin, were found to cluster as a single biogeographical unit rather than in a 
way indicated by their taxonomic classification. This study, which suggested that 
Rb<fL-S> spacer is a suitable genetic marker in the phylogeographical study of 
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Sargassum, is the only study showing the potential genetic markers for 
phylogeographical study. RbcL-S was, thus, chosen as the genetic marker in the 
present study. 
Based on the technique developed in the above study (Phillips & Fredeicq 2000), 
sequence divergence and RFLP of RbcL-S spacer gene in chloroplast DNA were 
assessed in order to determine genetic variation in Sargassum hemiphyllum. The 
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3.2 Methodology 
Thirty specimens from various populations were collected and stored as described in 
Chapter 2. 
3.2.1 Extraction and purification of DNA 
For each individual specimen, DNA extraction was performed in duplicate. In each 
extraction, 1 g of tissue from the tip of new branches was detached and washed to 
avoid impurities as much as possible. The tissues were ground to fine powder in 
liquid nitrogen by a sterilized pestle and mortar. Whole cellular DNA of the samples 
was extracted and purified using DNeasy Mini Kit (QIAGEN, Hilden，Germany). 
Manufacturer's instructions were followed with the change of incubation time in cell 
lysis from 10 min to 2 hours. To increase the yield of DNA, three elutions each with 
100 ml AE buffer were performed instead of two as suggested in the instructions. 
The two DNA extracts from each individual were pooled, dried and re-hydrated with 
100 ml of AE buffer in order to concentrate the DNA extract. 
3.2.2 Polymerase chain reaction (PCR) and gel electrophoresis 
The region of RbcL-S spacer of all DNA samples was amplified by PCR using Taq 
PCR core kit (QIAGEN, Hilden, Germany). The amplifications consisted of 0.4 jiiM 
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of each of the primers, 1 x Q-solution, 1 x buffer, 1.5 mM ofMgCb, 0.2 mM of each 
of dNTP, 0.04 units/^il of Tag polymerase and 1 of DNA template. All 
concentrations were given as final concentrations in 25 |LL1 amplifications except the 
DNA template. Combinations of primers (Table 3.1) were tested to identify the best 
primer pairs for amplification, while different annealing temperatures were tested as 
well to determine the optimal one. PCR was performed using thermocycler 
(Mastercycler Gradient, Eppendorf®, Hong Kong, China) with the cycling profile as 
follows: initial denatiiration at 96°C for 4 min, followed by 32 cycles of 40 s at 96°C, 
50 s at 46 - 56°C (range of annealing temperature tested), 50 s at 72°C, and finally 3 
min-extension at 72°C. The molecular size and quality of PCR products were 
determined by running 100-bp DNA ladder along with the samples in 1.5% agarose 
gel electrophoresis. PCR products were visualized in staining with ethidium bromide 
under X-ray exposure. Polaroid and digital photos of the PCR products were taken. 
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Table 3.1 List of primers used in PGR of RbcL-S spacer. The primers with asterisk 
are based on Phillips (1998). The others were modified in present study to 
increase the specificity of these primers. The coordinate of the sequence, 
which started from the RbcL gene start codon, is with reference to Phillips 
(1998) and is based on the reference sequence of Ectocarpus siliculosus 
(GenBank accession number X52503). The primers with name ended 
with F (Forward), represent those primers located upstream of the spacer 
in Rbc. Those ended with R (Reversed), whose corresponding sequence in 
the genome can be determined by its reverse complementary sequence, 
are located downstream in RbcS gene. 
Primer Sequence (5，to 3，） Coordinate 
RBCNF * TGT GGA CCT CTA CAA ACA GC 1366 - 1385 
RBCNFNEW * GC A AGT ACT TGT GGA CCT TTA AAA GC 1357 - 1382 
RBCMIF GAC CTT TAA AAG CAG CTT TAG AT 1337 - 1359 
RBCM2F GGA AAG ATA TTA CCT TTG AAT 1312- 1332 
RBCNR * CCC CAT AGT TCC CAA T 1 7 9 6 - 1812 
RBCNRNEW * CGG CAA TCA CAT CTT ACC TG 1750 - 1769 
RBCMIR CCC CAT AGT TCC CTA ATA CGC ATT 1788 - 1812 
RBCM2R CAT AGT TCC CTA ATA CGC 1790 - 1809 
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3.2.3 Purification of PCR product 
QIAquick PCR purification kit (QIAGEN, Hilden, Germany) was used to purify the 
PCR products. In cases where sub-bands occurred in the gel, QIAquick gel extraction 
kit (QIAGEN, Hilden, Germany) was used instead to re-dissolve the PCR product 
from the target band so that the product was isolated from the undesirable sub-bands. 
The amount of reagents and the PCR product added were based strictly on the 
instructions of the kits. 
3.2.4 DNA sequencing 
PCR products of DNA from three individuals of each population were sequenced. 
This process served as a pilot study which aimed to identify restriction enzymes that 
could generate different banding patterns in RFLP study. 
The ABI PRISM 310 Genetic Analyser and Dyeterminator Cycle Sequencing Ready 
Reaction Kit (Applied Biosystems, Foster City, California, USA) were used in 
automated sequencing. A total of 8 |.il reaction mix of Dyeterminator Cycle 
Sequencing Ready Reaction Kit, 1 |al of one primer (10 jtiM) and 8 of ddHaO were 
applied to 3 - 6 of PCR product, based on the concentration of PCR product 
determined by comparing visually with known concentration 100-bp ladder in gel. 
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Cycle sequencing reactions were carried out to the mixtures with the profile as 
follows: 2 mill at 96°C as initial denaturation, followed by 30 cycles of 30s at 96°C, 
15 s at 41°C and 4 min at 60°C. The entire 20-)li1 extension products after cycle 
sequencing reactions were purified using ethanol precipitation. Thereafter, 2 )al of 3 
M sodium acetate (pH 4.6) and 50 \x\ absolute ethanol were added to the extension 
product, followed by vortex and cooling in ice for 10 min. Micro-centrifuge was used 
at 14,000 rpm for 30 min to isolate the product. Ethanol was then removed, and the 
extension products were re-suspended in 250 pi 70% ethanol. Centrifugation and 
removal of ethanol were repeated. The extension products were dried and thereafter 
applied to 12 loading buffer, which then were stored in 4°C until being denatured 
at 94°C for 5 min and loaded to the automated sequencer. Capillary gel 
electrophoresis was performed in the sequencer where DNA sequence and 
chromatograph were obtained as the result. Sequences and chromatographs were 
observed visually and adjusted if necessary using the computer software ABI SeqEd 
V. 1.0.3. (Applied Biosystems，Foster City, California, USA). Each PGR product was 
sequenced from both directions with the two primers used in the initial PGR in order 
to confirm the sequence obtained. 
Restriction sites of the PGR products were identified using the software 
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MacVector™ 6.5.3 (Accelrys, Cambridge, UK). The restriction enzymes, which 
yielded patterns that could distinguish between specimens from different populations, 
were chosen for the RFLP study. 
3.2.5 RFLP study 
The restriction enzyme identified in the pilot study was used to digest PGR product 
of 20 to 30 specimens from each population, which were successfully extracted and 
amplified for the RbcL-S spacer. Total volume of 20 |.il reaction mixtures was made 
up of 6 ng/|ul PGR product, 1.5 x buffer B (Roche Diagnostics, Hong Kong, China) 
and 0.01 |liM restriction enzyme (Roche Diagnostics). The reaction mixtures were 
incubated at 5 0 � C for 4 hours to allow complete digestion. The results were 
visualized in gel electrophoresis. 
3.2.6 Sequence alignment and analysis 
The DNA sequences of PGR product obtained in the pilot study were aligned and 
compared by computer software package MEGA (Kumar et al. 1993) to analyze the 
similarity. Since all the primers tested (Table 3.1) were located within the two protein 
coding regions- RbcL and RbcS, the PGR products amplified consisted of not only 
the RbcL-S spacer region but also parts of RbcL and RbcS regions. In order to 
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identify the spacer region, the stop codon of RbcL and the start codon of RbcS 
(Phillips & Fredericq, 2000) were identified in the alignment with five additional 
sequences from three other species under the same subgenus Bactrophycus. They are 
the sequences of S. mutimun from China (GenBank accession no: AF244330) and 
USA (GenBank accession no: AF244331), S. thunbergii from Japan (GenBank 
accession no: AF244332) and China (GenBank accession no: AF244343) (Phillips & 
Fredericq, 2000) and S. horneri from Japan (W. L. Chu, unpublished data). Sequence 
analysis was only limited to the RdcL-S spacer region. To elucidate the relationship 
with the sequences of other species, a maximum parsimony tree was constructed with 
the software MEGA with the confidence tested by bootstrap test (Felsenstein, 1985). 
3.3 Results 
3.3.1 Extraction and PGR amplification 
D N A S from a total of 1 7 1 specimens from six populations were extracted. Of these, 
139 specimens were successfully amplified for the RbcL-S spacer. The numbers of 
samples extracted and successfully amplified for each population are listed in Table 
3.2. Based on the result (Fig. 3.2) of preliminary PGR amplifications in which 
different combinations of primer pairs were tested for their amplifying capability, the 
primer pairs MIF-NR, MIF-MIR and M1F-M2R with annealing temperature of 
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49°C were shown to provide the strongest bands with the least undesirable DNA 
fragments. Among the PGR products using the above three primer pairs, the product 
using the primer pair MlF-MiR was the longest (476bp) as estimated from the 
reference sequence (Table 3.1). Thus, the primer pair MIF and MIR was used in all 
subsequent PGR amplifications. 
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Table 3.2 Number of DNA samples extracted and number of these samples 
successfully amplified by PCR. (CNFJ: Fujiang, China; CNZJ: Zhanjiang, 
China; CNHK: Hong Kong, China; TWPH: Penghu, Taiwan; JPWY: 
Wakayama, Japan; KRCJ: Cheju Island, Korea) 
Number of DNA samples Number of samples amplified by 
Population  
^ extracted PCR  
CNFJ 30 24 
CNZJ 30 28 
CNHK 30 25 
TWPH 30 18 
JPWY 30 30 
KRCJ 21 14 
Total 171 139 
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—__薩 
Fig. 3.2 Result of testing of primer pairs at an annealing temperature of 49°C. 
Strongest bands were found in lanes 9 (MIF-NR), 11 (MIF-MIR) and 12 
(M1F-M2R) with the least undesirable DNA fragments. (1: NF-NR; 2: 
NF-NRNEW; 3: NF-MIR; 4: NF-M2R; 5: NFNEW-NR; 6: 
NFNEW-NRNEW; 7: NFNEW-MIR; 8: NFNEW-M2R; 9: MlF-NR; 10: 
MIF-NRNEW; 11: MlF-MlR; 12: M1F-M2R; 13: M2F-NR; 14: 
M2F-NRNEW; 15: M2F-M1R; 16: M2F-M2R) 
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3.3.2 Pilot study 
Three to four DNA samples were sequenced from each population except specimens 
from Wakayama because these specimens were not available during the pilot study. A 
total of 16 sequences were unambiguously aligned with the three other Sargassum 
species under Bactwphycus (Fig. 3.3). The sites in the sequence are numbered from 
the stop codon of RbcL gene, and negative numbers are given to those located in 
RbcL gene. 
The PCR product obtained is 422 bp in size. There are nine variable sites on the PCR 
product throughout the populations of S. hemiphyllum. Six of them (sites 210, 219, 
222, 265’ 288 and 294) are located at RbcS region, but one of these six sites (site 288) 
is not phylogenetically informative (Fig. 3.3). All the five informative variable sites 
show that the specimens from Cheju Island are different from specimens from the 
other populations. 
The size of the RbcL-S spacer in Sargassum hemiphyllum is 159 bp. A total of three 
variable characters among the sequences of S. hemiphyllim were found in the spacer 
and all are phylogenetically informative. They are located at sites 98，142 and 147 
(Fig. 3.3). The sequences for the specimens from Fujian, Hong Kong, Cheju Island 
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and Penghu are identical within each population. For the specimens from Zhanjiang, 
there is a difference in one base pair located at site 248 among these individuals. The 
variation within populations is, therefore, 1 / 159 = 0.63% for Zhanjiang population 
and 0% for other populations. 
There is no sequence difference among populations of Fujian, Hong Kong, Penghu 
and one of the sequences from Zhanjiang. The other two sequences from Zhanjiang 
are different from the above populations in one base pair at site 147 (Fig. 3.3). Cheju 
Island has the most distinct population from the others with difference in two to three 
base pairs. It can be differentiated from the group of the three populations of Fujian 
to Penghu and one of the specimens from Zhanjiang by base difference at sites 98 
and 142 (Fig. 3.3). The greatest difference, occurring at three base pairs (sites 98, 
142 & 147), is found between specimens from Korea and the two specimens from 
Zhanjiang (Fig. 3.3). 
The sequence of the spacer region of S. hemiphyllum appears to be similar to that of 
the outgroup species. The size of RbcL-S spacer is identical for all four species listed 
in Fig. 3.3 with no insertions/deletions. The divergence (variation) within S. 
hemiphyllum (3 / 159 = 1.89%) is similar to the divergence between the two 
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populations of 5". muticum (3 / 159 = 1.89%) and of thunbergii (4 / 159 = 2.52%). 
The relationship among those four species is illustrated in the unrooted maximum 
parsimony tree of Fig. 3.4. S. hemiphyllum from Fujian, Hong Kong, Penghu and 
Zhanjiang form a big clade (China clade) of which cannot be further resolved. 
Specimens from Cheju Island appear in a distinct clade (Korea clade). Although this 
clade clusters with S. muticum, the support is weak (56 bootstrap value) so that this 
clustering may be invalid. It can be concluded that both clades, China and Korea 
clades, of S. hemiphyllum clustered with S. muticum while S. horneri and S. 
thunbergii are less related to S. hemiphyllum. 
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(101) (31) 
C N F J 4 G ACCTTTAAXA OCAGCTTTAG ATCTATGGAA GGATATTACT TTTGAATATA G T T C A A C A G A C A C A C C T G A T 
C N F J 1 0 
C N F J 12 ,.,,. 
C N H K R B 2 1  
C N H K R B 2 3  
C N H K R B 2 6  
C N H K R B 2 7  
C N Z J 1   
CNZJ2 — 
TU P H K Y T Z  
T U P H K Y T 3  
T U P H K Y T 4  
S. hornen J P A T  
S. muticum USA A C  
S. muticum CN X  
S. thufiberpii CN  
S thunbergiiJP  
(30) TT)丨 
C N F O ^ TTTGTTGAAG TACCGACTGA XAGTCCTTAG ATCTATTCTG TTCTATXOTT TAATTTTTAG TATAAAAGAA C A G A C T A A T G 
C N F J 1 0 
CWFJ12  
C N H K R B 2 1  
CNfiKPB2 3  
CWHKP.B2 6  
C N K K R B 2 7  
K R C J 1 
KRCJ3 
K R C J 4 
C N 2 0 1  
cmj2  
CNZJ^l  
T W P H K Y T 2  
T U P H K Y T S  
T M P H K V T ^  
5. J P A A C C T A 
S. muticum USA A A G C .T  
S muticum CN A A G  
thunh^rgiiCl^ A .’T A G ——0 
S thuntcr^ii JP A . .T A G  
mmmLm 
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C N F J 4 AATTTTAATC TTTTTAATAT TTTACATTAA AACAAAAGAC AGAAAAATTT TAGTAGTTAA CTAAAAATAA A A T T A A A A T A 
CNFJ10 
C N F J 1 2  
C M H K R B 2 1 
C N H K R B 2 3  
C N H K R B 2 6 
C N H K R B 2 7  
K R C J 1 G  
K R C J 3 G  
K R C J 4 G  
C N 2 J 1  
CN2J2  
CW^J-l  
T W P H K Y T 2  
T U P H K Y T 3  
T U P H K Y T 4  
5. ；ior?7irrn J P G T C’ C  
S mwricum U S A C’  
S muticum CN G  
S thunbcrgii CN T G T . , .N. . .G C T  
5, f/iunterpu J P T G T G  
Fig. 3.3 Alignment of sequences of S. hemiphyllum with three Bactrophycus species. Stars indicate 
variable sites of S. hemiphyllwn in RbcL-S region. Upstream sites are numbered in 
parenthesis fi-om RbcL stop codon (.: identical; -/?: missing; CNFJ: Fujiang, China; CNZJ: 
Zhanjiang; China; CNHK: Hong Kong, China; TWPH: Penghu, Taiwan, China; JPWY: 
Wakayama, Japan; KRCJ: Cheju Island, Korea; S. muticwnUSA: GenBank accession, no 
AF244331; S. muticumC^: AF244330; S. horneriJP: unpublished; S. fhwibergiiCN: 
AF244343; S. thunbergiUP: AF244332) 
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T U P H K Y T 3  
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5. muticum CN A “ 
S. thunbergii CN A  S. thunbergiiJP A  
291 321 
CNf\"M T C C C C G T A A T G C G T A T T A G G G A A C T A T G G G G 
C N F J I O  
C N F J 1 2 
C N H K R B 2 1 
C N H K R B 2 3  
C N H K R B 2 6 
C N H K R B 2 7  
K R C J l … T  
K R C J 3 … T  
KRCJ^  . . . T  
C N Z J l  
C N 2 J 2  
C N 2 J 4  
T U P H K Y T 2  
T U P H K r r 3  
TTJPHKYT4  
S. homer\、JP _  
S muticum U SA  
5 muticum CN  
S. thwibi^rgii C N 
5 fhiinher^ u JP  
Fig. 3.3 Alignment of sequences of hemiphyllum with three Dactrophycus species. Stars indicate 
variable sites of S. hemiphyllum in RbcL-S region. Upstream sites are numbered in 
parenthesis from RbcL stop codon (•: identical; -/?: missing; CNFJ: Fujiang，China; CNZJ: 
Zhanjiang; China; CNHK: Hong Kong, China; TWPH: Penghu, Taiwan, China; JPWY: 
Wakayama, Japan; KRCJ: Cheju Island, Korea; S. muticumVSA: AF244331 (GenBank 
accession, no); S, muticumCH: AF244330; S. horneriJ?: unpublished; S. t/wnbergiiC}^: 
AF244343; S. thunbergiiJP: AF244332) (Cont'd) 
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100 I ^ Sargassum muticum USA 
‘Sargassum muticum CN 
56 KRCJ2 
m l ~ KRCJ4 
70 厂 KRCJ1 
KRCJ3 
Sargassum horneri JP 
100 Sargassum thunbergii C N 
~ Sargassum thunbergii JP 
Fig. 3.4 Unrooted phylogenetic tree of the specimens used in the pilot study and 
some other species under subgenus Bactrophycus based on RbcLS spacer. 
This consensus tree with cut-off value set at 50 was constructed by 
maximum parsimony method with 1000 bootstrap replicates. Percentage 
levels of support are indicated as the number on the branches. Length = 23, 
Consistency Index (C.I.) = 0.957, Retention Index (R.I.) = 0.952 (CNFJ: 
Fujiang, China, CNZJ: Zhanjiang, China, CNHK: Hong Kong, China, 
TWPH: Penghu, Taiwan, China, JPWY: Wakayama, Japan and KRCJ: 
Cheju Island, Korea, S. muticum\]^A\ AF244331 (GenBank accession no), 
S. muticimCN: AF244330, S. horneri]?: unpublished, S. thumbergiiCH: 
AF244343, S. thunbergii]?: AF244332) 
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3.3.3 RFLP study 
Based on the result of the pilot study, one restriction enzyme, Acsl, was identified to 
be capable of distinguishing the different populations (Fig. 3.5). Acsl recognizes the 
double-stranded DNA sequence “ 5' -(A/G)AATT(T/C)- 3' “ (Fig. 3.3), cleaves 
3，-(T/C)TTAA(A/G)- 5， 
between the first (A/G) and second (A) base pairs (5' to 3，）and generates fragment 
with 5' cohesive termini of 4 nucleotides. Based on the sequence of the pilot study, 
the cutting sites of Acsl were found to be located at sites 50-51 for specimens from 
Cheju Island and sites 50-51, 95-96 for specimens from Fujiang, Penghu, Hong Kong 
and Zhanjiang (Fig. 3.3). The difference in the number of restriction sites between 
specimens of China clade and Korea clade is due to one different base pair in site 98 
(Fig. 3.3). 
Extrapolation from the result of the pilot study yielded two types of halpotypes for 
different populations in the RFLP study of the restriction enzymes (Fig. 3.5). 
Halpotype A, which exhibits two bands with the sizes of 265 bp and 151 bp, would 
appear in specimens from Cheju Island (Korea clade) (Fig. 3.5). In contrast, 
halpotype B, which exhibits three bands with sizes of 220 bp, 151 bp and 45 bp, was 
observed in the specimens from China clade (Fig. 3.5). 
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There was a total of 139 PCR products being digested. Populations of Wakayama and 
Cheju Island exhibited 100% frequency of halpotype A; the populations in China 
demonstrated 100% frequency of halpotype B (Figs. 3.6 & 3.7). No other haplotype 
was observed among all the samples. The two main clades, Japan-Korea clade and 
China clade of S. hemiphyllum, were therefore found to exhibit fixed genetic 
difference in RbcL-^ spacer in this RFLP study. 
104 
CHAPTER 3: Genetic Analysis of RbcL-S Spacer in Sargassum hemiphyUum 
Aq^J 
^ ^ KRCJ CNHK TWPH CNZJ CNFJ 
• 
• - 2 6 5 b p _ _ — — 220 bp 
l O O b p ^ ^ ^ l — 1 5 1 b p " 一 一 _ 151 bp 
^ ^ ^ H _ _ ^ ^ 45 bp 
Fig. 3.5 A schematic illustration of the halpotypes produced in RFLP by digestions 
of restriction enzymes, Acsl, based on the pilot study. (KRCJ: Cheju Island, 
Korea; CNFJ, Fujiang, China; TWPH: Penghu, Taiwan, China; CNHK: 
Hong Kong, China; CNZJ: Zhanjiang, China). 
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Fig. 3.6 Gel photograph showing typical result of RFLP study. Two halpotypes, A 
and B, could be identified. (Lane 1: JPWY 20, Wakayama, Japan; Lane 2: 
KRCJ 14，Cheju Island, Korea; Lane 3:CNFJ 1，Fujiang, China; Lane 4: 
TWPH 1, Penghu, Taiwan, China; Lane 5: CNHK 1, Hong Kong, China; 
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3.4 Discussion 
3.4.1 Suitability of RbcL-S spacer as genetic marker at population 
level 
From the study on Sargassum from the Gulf of Mexico (Phillips & Fredericq, 2000), 
the sequences of RbcL-S spacer in some species such as S. muticum and S. thunbergii, 
were found to be different among sites of collection (Fig. 3.3). The geographical 
distances between those sites for S. muticum (USA & China) and for S. thunbergii 
(Japan & China) are greater or comparable to those of the present study (within 
China, Korea and Japan). As RbcL-S spacer was shown to be capable of 
differentiating only the two main clades of S. hemiphyllum but not to elucidate a finer 
genetic population structure in this study, the limit in the geographical scale of using 
RbcL-S spacer as a genetic marker in the phylogeographical study of Sargassum is 
apparent. The sequence of RbcL-S spacer could be used in differentiating populations 
from large geographical regions e.g. between USA and China (S. muticum) as well as 
between China and Japan {S. hemiphyllum and S. thunbergii), yet this genetic marker 
is not suitable in differentiating populations in a relatively smaller geographical area 
such as those locations within China or those between Japan and Korea covered in 
the present study. 
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3.4.2 Two clades vs. two varieties of S, hemiphyllum 
Although the genetic marker used does not resolve a finer structure of populations, it 
differentiates S. hemiphyllum into the two main clades, Japan-Korea clade and China 
clade, which correspond exactly to the two varieties of S. hemiphyllum {S. 
hemiphyllum var. hemiphyllum and S. hemiphyllum var. chinense respectively). The 
result of RFLP suggests that there is a fixed difference between the two clades, which 
provides a genetic support for their designation to different taxa. A question on 
whether this genetic difference is at the level of varieties, subspecies or even species 
can be raised. 
Based on the phylogenetic species concept which is implemented with the 
populations aggregation analysis (Davis & Nixon，1992; Sites & Crandall, 1997), the 
character states (genetic) of all individuals in populations are profiled and compared 
among populations. On one hand, those populations demonstrating fixed (exclusive) 
difference of states in at least one character is termed as different species. Those 
without fixed difference (might have unfixed one), on the other hand, are defined as 
conspecific (Sites & Crandall, 1997). Under this species concept, the two "varieties" 
of S. hemiphyllum in this study can be designated as two different phylogenetic 
species due to their fixation of genetic difference among populations in 尺bcL-S 
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spacer. However, the fact that the fixed difference was observed merely based on the 
RbcL-S spacer has to be noted. Although the above comparison suggests the 
possibility of raising the varieties of S. hemiphyllum to the species level, the 
taxonomic status of China and Japan-Korea clades still remains obscure unless more 
suitable genetic markers are developed. Genetic markers in nuclear genome, e.g. 
microsatellites, whose difference may differ from that of the bi-parental inherited 
genome (Goldstein et al. 2000)，have to be established in order to verify the fixed 
difference that appeared in the maternal inherited genome of chloroplast. Other 
methods that consider the whole genome, such as AFLP (Kusumo & Druehi，2000; 
Waycott & Barnus, 2001) and RAPD (Alberto et al., 1999; Engelen et al, 2001), can 
also be utilized. Nevertheless, the fixed difference in RbcL-S spacer, in any case, 
serves as an excellent genetic marker that provided a convenient, reliable and rapid 
way to distinguish the specimens in the two "varieties" of hemiphyllum. 
3.4.3 Reproductive barrier 
The apparent difference between the clades indicates that there is no gene flow 
between the clades. The reason why S. hemiphyllum exhibited this population 
structure is not clear, but the geographical distance seems not to be an important 
factor. Populations of Fujian and Zhanjiang (960 km apart) as well as Wakayama and 
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Cheju Island (840 km apart) are far from each other but are genetically identical in 
the RbcL-S spacer. In contrast, relatively large genetic difference exists between 
populations of Cheju Island and Fujian (1080 km apart) separated by a geographical 
distance more or less the same as those between Fujian and Zhanjiang (960 km) or 
between Cheju Island and Wakayama (840 km). 
Gene flow among populations can be blocked by reproductive barrier. Not many 
such reproductive barriers were identified in the geographical area under study. Not 
many phylogeographical studies have been done in this area as well. No 
differentiation was found among the populations of the crab, Macrophthalmus 
japonicus in Korea and Japan using 12S and 16S rRNA genes (Kitaura et al. 2002), 
while the sister species Macrophthalmus banzai in Korea and Japan are significantly 
differentiated. No suggestion, however，was provided for the reason behind this 
population structure in this study. The genetic homogeneity of a brachiopod, Lingula 
anatine, was assessed with specimens from Japan and Hong Kong using 
mitochondrial coxl gene and EF-1 a intron in nuclear DNA (Endo et al. 2001). 
Genetic difference exists between the samples from Japan and Hong Kong, but the 
cause of the differentiation was not discussed in detail. Physical impediments of 
larval dispersal were suggested. 
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As long as no hypothesis was proposed to explain the phylogeography in the study 
area before, hypothesis about the potential reproductive barrier of S. hemiphyllum 
could be discussed in this study taking into account the water current and outflow in 
the study area as one of major factors. Genetic analysis of populations may also be 
discussed in the light of information on morphological parameters which appear to 
elucidate a picture different from that suggested based on the RbcL-S spacer. A more 




4.1 Morphological and genetic data - consistence or 
conflict 
Sargassum hemiphyllum demonstrated variations among populations over its 
biogeographical range. These variations were analyzed in a quantitative 
morphological study along a genetic analysis. From the morphological study, the 
categorical parameters did not show obvious population-specific differences. 
However, measurable parameters such as leaf length and vesicle width showed the 
population specific variation to follow a certain latitudinal gradient. Principal 
Component Analysis (PCA) and cluster analysis identified grouping of these 
populations based on variable morphological parameters. Three groups were 
identified, one group consisting of populations from Zhanjiang and Hong Kong in 
the south, a second group consisting of populations from Fujian and Penghu in 
southeast and a group consisting of populations from Cheju Island and Wakayama in 
the north. Cluster analysis further indicated that the southeast and northern groups 
were closer to one another than the southern group. These analyses also indicated 
that leaf length was not the only variable parameter that could be used to differentiate 
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these populations. These results bring some doubt to the validity of using leaf size 
alone to further classify this species in two varieties, variety hemiphyllum and variety 
chinense (Ajisaka et al. 1997). However, these results do not agree well with the 
results from the genetic analysis where only two clades, the China clade and 
Japan-Korea clade, were identified among all the populations. The RFLP results 
suggested that these two clades were highly homogenous and showed a consistent 
difference between each other. These two clades correspond quite perfectly to the 
two varieties of S. hemiphyllum recognized. These varieties could be suggested to be 
two phylogenetic species based on the RFLP results. 
Since the two varieties are not phylogenetically conspecific and it is difficult to 
distinguish them by morphological parameters, they can be regarded as two cryptic 
species. These kinds of cryptic species were also identified in other algae. Two green 
algae, Entewmorpha compressa and Enteromorpha intestinalis, which are very 
difficult to distinguish from each other and could thus be regarded as cryptic species, 
were successfully distinguished by the genetic analysis of sequences of ITS-1, ITS-2 
and 5.8s in their nDNA (Blomster et al, 1998). Species-specific oligonucleotide 
probes were also identified which provided an effective and easy way to distinguish 
these two species (Blomster et al, 2000). The variation of eight microsatellite loci 
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among populations throughout the biogeographical range of a green alga 
Cladophowpsis membranecea revealed that those populations belong to a complex 
of three cryptic species which are morphologically indistinguishable and which have 
overlapping distributions in the Atlantic Ocean (van der Strate et al., 2002). For S. 
hemiphyllum of this study, more genetic markers have to be developed in order to 
verify the existence of the two suspected cryptic species. 
4.2 Latitudinal gradient of seawater temperature in the 
Pacific NW 
The reason why the populations demonstrating a relatively gradual morphological 
change along a latitudinal gradient should have very distinct genetic difference is not 
clear. This discrepancy between the results of morphological and genetic analyses 
suggests that some external factors, most likely environmental, might be exerting 
differential influence between the morphological and the genetic makeup of S. 
hemiphyllum populations. Latitudinal temperature change has been shown to affect 
the morphology and growth of a number of living organisms such as fish (Yamahira 
& Conover，2002), snail (Trussell, 2000) and macroalgae (Gerard & Bois, 1988; 
Rodriguez et al., 2001). The survival of the brown alga Laminaria saccharina was 
found to exhibit a counter-gradient variation along a gradient of latitudinal seawater 
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temperature change. In other words, L saccharina in northern part of its 
biogeographical range could not survive in the south of its range and vice versa 
(Gerard & Bois, 1988). 
Gradient of latitudinal temperature change may also affect populations of S. 
hemiphyllum in this present study. The most important morphological parameters 
such as leaf length in PCA analysis appears to change with latitudes. The leaf of 
specimens from the group of Wakayama and Cheju Island is the smallest in length 
while that of the group from Hong Kong and Zhanjiang is the largest. The annual 
seawater temperature profile (Table 4.1) along the Pacific NW suggests that the 
southeast coast of China (Fujian) and west of Taiwan (Penghu) are more closely 
similar to Korea and Japan. Thus, seawater temperature change may exert certain 
influence on the morphology of the populations from the group of Fujian and Penghu 
such that they are more closely related to the group of Wakayama and Cheju Island 
in the north than to the group of Hong Kong and Zhanjiang in the south. 
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Table 4.1 Monthly change in seawater temperature throughout the past 30 years in 
the north-western Pacific Ocean (Data from Japan Meteorological Agency, 
http://goos.kishou.go .j p/rrtdb-cgi/j ma-products/j maproducts .cgi) 
Range of seawater temperature (°C) 
Localities Winter Spring Summer Fall 
(Jan-Mar) (Apr-Jim) (Jul-Sep) (Nov-Jan) 
Zhanjiang 22-27 27-28 — 23-27 
Hong Kong 18-19 21-27 27-28 22-27 
Fujian 26-27 — 20-26 
Penghu 16-17 19-25 26-27 一 20-27 — 
Cheju Island 15-16 23-27 — 19-25 
Wakayama 15-16 16-22 24-27 20-26 
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4.3 Fluctuation in Seawater Salinity in the Pacific NW 
Unlike that exhibited by the morphological differentiation, one of the possible causes 
of genetic differences between Japan-Korea clade and China clade is the influence of 
the mass fresh water outflow from the two large rivers in China, Yellow River and 
Yangtze River. The large volume of fresh water outflow makes the water in the 
region of Bohai highly brackish (Fig. 4.1). Water of low salinity could affect the 
survivorship and growth of the seaweed, e.g. S. hemiphyllum and could serve as a 
barrier against gene flow. Similar situation occurred in South America, where distinct 
genetic difference in various marine organisms, e.g. sea urchin and shrimp, between 
the two sides of the mouth of Amazon River (Gusmao et al., 2000; Lessios et al., 
2001) has been detected. This hypothesis can be supported by two pieces of evidence. 
First, S. hemiphyllum was not found in Bohai (Ajisaka et al., 1997). The documented 
distribution of S. hemiphyllum is continuous along the coast of East Asia except the 
region from Zhejiang Province to Cheju Island in Korea. This area corresponds to the 
area that is affected by the outflow from Yellow River and Yangtze River. Second, 
the boundary between the two genetically distinct clades appears to be located at the 
opening of these two rivers, i.e. between Cheju Island and Fujian. Sargassum 
hemiphyllum has been reported from Zhejiang further north of Fujian but still south 
of the Yangtze River. Attempts to collect samples from this locality was unsuccessful. 
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It may be possible to find both morphological or genetic hybrids of the varieties of 
hemiphyllum from this locality. 
The mass freshwater outflow from Yellow River and Yangtze River could serve as a 
reproductive barrier to block the gene flow between the two clades of S. hemiphylum. 
This could be the main cause of genetic differentiation of S. hemiphyllum. 
‘ Lowering of seawater level is a commonly recognized cause of populations' 
differentiation in many marine organisms (Reeb & Avise, 1990; Lessios, 2001; 
Young et al. 2002). For example, the populations of a hermit crab, Pa gurus 
longicarpus, in Atlantic Ocean were found genetically different from the populations 
in the Gulf of Mexico based on sequence of mitochondrial DNA. The divergence age 
was estimated as -0.6 million years ago. This result shows that lowered seawater 
level reduced the estuarine environments along the Florida Peninsula and resulted in 
the cease of the gene flow between the populations in Atlantic Ocean and those in the 
Gulf of Mexico. 
In this study, the lowering of seawater level may be another potential cause of the 
genetic differentiation of S. hemiphyllum. During the glacial period, the China's 
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continental shelf was believed to be once exposed (Lavery et al., 1996，Chen & Zhu, 
1999; Li et al, 1999). This leads to the connection of the land between Taiwan and 
China. This land bridge may block the gene flow of the marine organisms inhabiting 
on both sides of it. Speciation may thus be initialized and preceded to an extent that 
those populations on both sides of the connection cannot interbreed with each other 
even after the glacial period when the seawater level raised. 
The two hypotheses about the cause of genetic differentiation- the freshwater outflow 
hypothesis and the lowering of seawater level hypothesis- have to be verified by 
more phylogeographic works on S. hemiphyllum. Addressing the question on whether 
there is a hybrid zone of the two varieties, where is this hybrid zone located and 
when did the speciation for the two varieties start are some important issues that can 
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4.4 Possible Initiation of Speciation 
The genetic and phenotypic population variation recorded in this study, although 
with some discrepancies, may suggest that the two "varieties" (clades) of S. 
hemiphyllum are undergoing speciation. There are two possible ways of speciation to 
yield the population variations observed in S. hemiphyllum to date. First, the 
ancestors of S. hemiphyllum might be widely distributed throughout the present 
biogeographical range. Some environmental factors may impose a certain 
reproductive barrier. The populations became isolated and there was an onset of 
differentiation of the population. The differentiation lasted until now, creating genetic 
and morphological differences in S. hemiphyllum. Second, the ancestors of S. 
hemiphyllum inhabited either the north or the south of the present biogeographical 
range. They were introduced either to the south from the north or to the north from 
the south, where the new founder populations were then established. The founder 
populations spread out but could not return to the original biogeographical region 
due to certain reproductive barrier imposed by environmental factors. These two 
linkages of S. hemiphyllum evolved independently and so demonstrated different 
genetic and morphological differences. 
Based on the results of this study, it is difficult to address which of these two ways of 
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speciation was true, or if indeed speciation is going on. The genetic data in this study 
were low in resolution. To verify if speciation is taking place, the genetic diversities 
of these two "varieties" have to be assessed and compared. If these two "varieties" 
exhibit different diversity, the second hypothetic way of speciation would be true 
since there would be a founder effect for the introduced and colonized lineage. The 
introduced lineage ("varieties") should show a small genetic diversity. For the first 
hypothetic way of speciation to be true, sharing of a common ancestor and having no 
founder effect will result in the two "varieties" having similar genetic diversities. 
4.5 Works to be done in the future 
To test the above hypotheses on the "speciation" of varieties of S. hemiphyllum, and 
to verify the causes of morphological and genetic variations, several aspects of 
experiments or observations should be carried out. 
First, a finer resolution of the phylogeography of Sargassum hemiphyllum should be 
obtained. Specimens of several critical locations should be investigated, e.g. 
Zhejiang, located near the mouth of Yangtze River, where records of S. hemiphyllum 
have been reported. This locality may support some hybrid populations. 
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Second, genetic marker, which can differentiate specimens in different 
micro-geographic regions, should be applied to elucidate finer genetic structure of 
the populations for more conclusive results. Random amplified polymorphic DNAs 
(RAPD) analysis and amplified fragment length polymorphism (AFLP) analysis 
were commonly used to differentiate plants in different micro-geographic regions. 
Populations of Sargassum polyceratium in different parts of Venezuela which were 
close geographically were shown to be genetically differentiated by using RAPD 
marker (Engelen et al. 2001). While AFLP analysis of Alaria marginata also 
revealed that individual plants that were as little as a few decimeters apart can be 
distinguished genetically (Kusumo & Dmehi，2000). These markers may be 
applicable for the further study of differentiation in S. hemiphyllum. 
Third, molecular clock of S. hemiphyllum or other related species has to be calibrated 
so that the onset of speciation can be deduced. Thus, the history of environmental 
changes that influenced speciation can be traced. 
Lastly, ecological studies on the effect of latitudinal temperature and salinity change 
on the growth and survival of S. hemiphyllum should be initiated. The survival and 
growth of a kelp, Laminar ia saccharina, collected from the central and southern 
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boundary of its biogeograhical distribution, were compared in a 
ambient-temperature-controlled condition in laboratory as well as in the field 
-"Common garden" experiment. These two ecotypes of L. saccharina demonstrated 
significantly different responses in the ambient-temperature-controlled laboratory in 
which the specimens from the southern boundary were found to grow faster and have 
higher survival rate than those from the central region (Gerard & Bois, 1988). This 
indicated the effect of the environmental factor (latitudinal temperature change) on 
the specimens, which shaped their survivorship and growth. "Common garden" 
experiment or transplantation experiment can be carried out in order to test the 
potential effects of these environmental factors on the morphology of the different S. 
hemiphyllum populations. 
Northwestern Pacific is an interesting region where evolutionary history of marine 
organisms is not well studied. Algae, like S. hemiphyllum, may be a useful 
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